


































ABq        AB quartet 
Ac        acetyl 
acac        acetylacetonato 
AChE        acetyl cholinesterase 
AIBN        2,2’-azobisisobutyronitrile 
aq        aqueous 
Ar        aromatic, aryl 
BIPHEP        2,2’-bis(diphenylphosphino)-1,1’-biphenyl 
Bn        benzyl 
Boc        tert-butoxycarbonyl 
br        broad 
Bu        butyl 
Bz        benzoyl 
c        cyclo 
c.        concentrated 
cod        1,5-cyclooctadiene 
COX        cyclooxygenase 
d        doublet 
dd        doublet of doublets 
ddd        doublet of doublets of doublets 
dq        doublet of quartets 
DMAP        4-dimethylaminopyridine 
DMF        dimethyl formamide 
DMSO        dimethyl sulfoxide 
dtbbpy        4,4’-di-tert-butyl-2,2’-bipyridyl 
EDC        1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
ee        enantiomeric excess 
eq.        equivalent 
ESI        electrospray ionization 
Et        ethyl 
g        gas 
hexane        n-hexane 
HPLC        high-performance liquid chromatography 
HRMS        high resolution mass spectrum 
i        iso 
IL        interleukin 
IR        infrared 
m        multiplet 
Me        methyl 
Mp        melting point 
MS        mass spectrum 
MS 4 Å        molecular sieves 4 Å 
MW        microwave 
n        normal 
n.d.        not detected 
NMR        nuclear magnetic resonance 
NOESY        nuclear Overhauser enhancement and exchange spectroscopy 
Np        naphtyl 
NSAIDs        non-steroidal anti-inflammatory drugs 
Ph        phenyl 
ppy        2-phenylpyridyl 
Pr        propyl 
PTSA        p-toluenesulfonic acid 
q        quartet 
qt        quartet of triplets 
quant.        quantitative 
r.t.        room temperature 
s        singlet 
s        secondary 
t        triplet 
t        tertiary 
td        triplet of doublets 
TFAA        trifluoroacetic anhydride 
THF        tetrahydrofuran 
TLC        thin layer chromatography 
TMS        trimethylsilyl 
Ts        p-toluenesulfonyl 
[3,3]        [3,3]-sigmatropic rearrangement 
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エナミン 2 の [3,3]-シグマトロピー転位、閉環およびラクタム化が連続的に進行し、3環性
ヘテロ環 4 が得られると考えた (Scheme 1)。 
 






フロ[2,3-b]ピロール 4Aaが 50%の収率、exo : endo = 1 : 1の立体選択性で得られた (entry 1)。
次に、エステル部分の効果について検討したところ、ペンタフルオロフェニルエステルを
有する 6Aを用いた場合、ルイス酸非存在下、室温でも効率良く反応は進行し、95%と最も
良い収率でベンゾフロピロール 4Aaが得られた (entry 4) (第 1章第 1節第 1項)。5) 
 






より 2-アミノジヒドロベンゾフラン 10a が生成する。最後に、ラクタム化が進行してベン
ゾフロピロール 4Aa が得られたと考えられる (第 1章第 1節第 2項)。5) 
 





率的に反応が進行することが明らかとなった (第 1章第 1節第 3項)。5) 
 




れた。また、興味深いことに 3 級の tert-ブチルラジカルとの反応では exo-4Ae が高立体選
択的に得られることが明らかとなった (第 1章第 2節)。5) 
 
Scheme 4. Domino reaction with various alkyl iodides. 
 
 さらに、本反応を不斉反応に展開するため、カンファースルタムを不斉補助基として有
する共役オキシムエーテル 11 を用いてジアステレオ選択的ドミノ型反応を検討した 
(Scheme 5)。トリメチルアルミニウム存在下、アセトニトリル中、-40 °C でラジカル付加反
応を行ったところ、ベンゾフロピロール 4Aa が 76%の収率、endo : exo = 3 : 1の立体選択









ゾフロピロールが得られることを見出した (第 1章)。5) 
 
 次に、共役ヒドラゾン 12A のドミノ型ラジカル付加－転位反応を検討した。その結果、
共役オキシムエーテルの反応とは異なり、ピロロインドリン 14Aa は得られず、インドー
ル 13Aa が生成することを見出した (Scheme 6)。また、ルイス酸としてヨウ化亜鉛を添加
すると反応が効率的に進行することが明らかとなった (第 2 章第 1 節)。6) 本反応では、ま






Scheme 6. Domino reaction of conjugated hydrazone. 
 




れた。しかし、フェニルヒドラゾン 12G との反応ではインドール 13Ga は痕跡量しか生成
せず、ハロゲンを有する基質との反応においてもインドール 13Ha、13Iaは低収率でしか得
られなかった (第 2章第 3節)。6) 
 




ル酢酸エチル 13Ab-Ah の合成に成功した (第 2章第 4節)。6) 
 
Scheme 8. Domino reaction with various alkyl halides. 
 
以上のように、N-アリール共役ヒドラゾンとトリエチルボランとの反応では、ラジカル




カルを発生するヨウ化 tert-ブチルとの反応では、tBu 基の導入されたインドール 13Ai は得









ら発生するヨウ化水素により進行すると考えられる (第 3章第 1節)。7) 
 
Scheme 9. tert-Butyl iodide mediated reductive Fischer indolization. 
 
本反応は次のように進行していると考えられる (Scheme 10)。まず、ヨウ化 tert-ブチルか
ら発生したヨウ化水素により共役ヒドラゾン 18 の位がプロトン化されてアゾニウムイオ
ン 19が生成する。続いて、ヨウ化物イオンが 19 の窒素-窒素二重結合へと求核攻撃して中
間体 20 となった後、ヨウ化物イオンとの反応により窒素-ヨウ素結合が切断され、エンヒ
ドラジン 21 が生成する。さらに、21 の[3,3]-シグマトロピー転位、閉環およびヨウ化アン
モニウムの放出を伴う芳香化が進行し、インドール 22が得られたと考えられる。すなわち、
本反応では還元反応と Fischer インドール合成が連続的に進行している (第 3章第 2節)。7) 
 















きることが明らかとなった (第 3章第 3節第 2項)。7) 
 
Scheme 11. Substituent effect. 
 
 最後に、本手法を医薬品や天然物合成に応用した。まず、非ステロイド性抗炎症薬であ
る Indomethacin 8) をグラムスケールで合成した (Scheme 12)。市販の共役ケトンから定量的
に共役ヒドラゾン 31 を得た後、還元的 Fischer インドール合成を行ったところ、95%の収
率でインドール 32 が生成した。さらに、ベンゾイル化および脱メチル化の工程を経て、
Indomethacin を市販原料から 4工程、総収率 70%で合成した (第 3章第 4節第 1項)。7) 
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Scheme 12. Synthesis of Indomethacin. 
 
 さらに、アセチルコリンエステラーゼ阻害作用を有する天然物である Physostigmine 9) の
形式全合成を行った (Scheme 13)。すなわち、3 位にメチル基を有する共役ヒドラゾン 33
をヨウ化 tert-ブチルと反応させると、インドレニン 34 が生成する。続いて、これを単離す
ることなくメチルアミンまたは水酸化ナトリウムで処理すると、ピロロインドリン 35およ
びフロインドリン 36 が得られた。さらに、35 の N-メチル化およびラクタムの還元により
(±)-Esermethole へと誘導することで、(±)-Physostigmine の形式全合成を達成した (第 3章第
4節第 2項)。7) 
 
 Scheme 13. Formal total synthesis of (±)-Physostigmine. 
 
以上の結果から、著者が開発したヨウ化 tert-ブチルを用いる還元的 Fischer インドール合
成はグラムスケールにも耐えうる手法であり、様々なインドール類の新規合成法となるこ














例えば、ヘキサヒドロピロロ[2,3-b]インドール N,N-37a 10) はアセチルコリ
ンエステラーゼ阻害作用を有する Physostigmine 9) に含まれる骨格であり、
テトラヒドロフロ[2,3-b]インドール N,O-37bはインターロイキン 6を阻害
するMadindoline類 11) に含まれている (Figure 2)。また、強力な発癌性物
質である Aflatoxin 類はテトラヒドロフロ[2,3-b]ベンゾフラン O,O-37c を母核として 
いる。12) 
 













これまでに報告されているベンゾフロピロールの合成例を Scheme 14 に示す。原田らは
白金触媒を用いて 1,2-ベンゾオキサジン 38 を接触還元すると、生成する中間体 39 の閉環
も一挙に進行し、ベンゾフロピロール 40 が得られることを見出している (式 1)。14) また、
土屋らは縮環型ベンゾフラン 41 を封管中で加熱すると、41 の骨格転位が進行しベンゾフ
ロピロール 42およびその位置異性体 43が生成することを報告している (式 2)。15) しかし、
これらの手法は煩雑な基質合成が必要であることからベンゾフロピロールの効率的な合成
法とは言い難い。さらに、大嶌と忍久保らはベンゾフラン (44) と N-アリル-N-クロロスル
ホンアミド 45 とのラジカル付加環化反応により効率的にベンゾフロピロール 46 を合成し
ているが、基質一般性に関する報告はされていない (式 3)。16) 
 
Scheme 14. Known methods for the synthesis of benzofuropyrroles. 
 
 そこで著者は、より簡便で汎用性の高いベンゾフロピロール合成法の確立を目指して、
効率的なベンゾフラン合成法である Sheradsky 反応に着目した。Sheradsky 反応は、O-フェ
ニルオキシムエーテル 47 が酸によって異性化して生成する N-フェノキシエナミン 49 の
[3,3]-シグマトロピー転位、閉環、アンモニアの脱離を経由してベンゾフラン 52 を与える













た (Scheme 16)。 
 



















Scheme 18. Radical addition/[3,3]-sigmatropic rearrangement/cyclization/lactamization cascade. 
 
 これまでに、ラジカル反応と[3,3]-シグマトロピー転位反応を組み合わせたドミノ型反応
としては、Curran らによるスズヒドリド還元と Claisen 転位の連続する反応 (Scheme 19、
式 1) 21) や、Stephensonらによる光触媒を用いた分子内ラジカル環化と Cope 転位の連続す






































文献 23) の方法を参考に、市販の (2E)-4-oxo-2-butenoic acid ethyl ester (61a) と市販の O-
フェニルヒドロキシルアミン塩酸塩 (62A) をピリジン溶媒中で脱水縮合して、オキシム酸
素原子上にフェニル基を有する共役オキシムエーテル 5A を 98%の収率で合成した 
(Scheme 20)。 
 






















る共役オキシムエーテル 63A、64A、6Aを合成した (Table 3)。 
 




エーテル 63Aを用いて 5Aと同様の条件下 (Table 2、entry 3) で反応を行った。その結果、
4Aa の収率は 73％に向上した (entry 1)。さらに脱離能の高いエステルを有する基質として
ペンタクロロフェニルエステルとペンタフルオロフェニルエステルを有する共役オキシム
エーテル 64A、6Aを用いてドミノ型反応を検討したところ、ペンタフルオロフェニルエス









Table 4. Domino reaction of conjugated oxime ethers 63A, 64A and 6A.  
 
 なお、ベンゾフロピロール 4Aa の立体構造に関しては NOESYスペクトルにより確認し























   Scheme 21. Plausible reaction pathway. 
 
 そこで、本反応を以下の段階に分けて詳しく考察した。 
1. 位置選択的ラジカル付加反応 (6A→7) 
2. [3,3]-シグマトロピー転位 (8→65) 
3. 閉環およびラクタム化反応 (9a→4Aa) 
 




1. 位置選択的ラジカル付加反応 (6A→7) 
 共役オキシムエーテル 6A へエチルラジカルが付加する反応点として、イミン炭素およ
びその位、位炭素の 3 点が考えられるが、本反応は位で選択的に進行した。この理由
を次のように考察した (Scheme 22)。それぞれの位置にエチルラジカルが付加して生成する







Scheme 22. Regioselective addition of ethyl radical to conjugated oxime ether 6A. 
 
2. [3,3]-シグマトロピー転位 (8→65) 
次に、[3,3]-シグマトロピー転位の段階について考察した。Scheme 21 にも示したように、
本反応は N-ボリルエナミン 8 の[3,3]-シグマトロピー転位が進行していると推測される 
(Scheme 23、path a)。しかし、もう 1つの可能性として、-イミノラジカル 68 の転位によっ
て進行している可能性も考えられる (path b)。 
 










ロール 74は得られず、ヒドロキシスルフィド 72 が生成した。すなわち、本反応ではまず、
チイルラジカルの付加によって生成した-イミノラジカル 70 が酸素分子を捕捉すること





Scheme 24. Domino reaction with thiyl radical. 
 
3. 閉環およびラクタム化反応 (9a→4Aa) 
 共役オキシムエーテル 5A をベンゼン還流条件下でトリエチルボランと 1 時間反応させ
た後、無水酢酸で処理したところ、ベンゾフロピロール cis-4Aa が 21%で得られると同時
に、アミノ基のアセチル化された 2-アミノジヒドロベンゾフラン trans-75 が 36%の収率で
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得られた (Table 5、entry 1)。次に、反応時間を 6時間に延長したところ、cis-4Aa の収率は
40%に向上し、trans-75 の収率は 4%まで低下することが明らかとなった (entry 2)。 
 
Table 5. Formation of cis-4Aa and trans-75. 
 
この結果から、9a→4Aa への閉環には-アリールイミン 9aを介して 2-アミノジヒドロベ
ンゾフラン cis-10a と trans-10a の間に平衡が存在すると考えられる (Scheme 25)。cis-10a
は反応性の高いボリルアミンを有するため、速やかにラクタム化が進行してベンゾフロピ
ロール cis-4Aa を与える。一方、trans-10a から生成するベンゾフロピロール trans-4Aa は 5-5
縮環構造を有するため環の歪みが大きく、ラクタム化は進行しないと考えられる。したがっ
て、trans-10a は-アリールイミン 9a を経由する開環および再閉環により cis-10a となった
後、ラクタム化が進行して cis-4Aa へと変換されると考えられる。なお、エチルエステルを
有する共役オキシムエーテルとの反応では、cis-10b から cis-4Aa へのラクタム化が遅く、
残存する trans-10bが無水酢酸でアセチル化されたため、trans-75 が生成したと考えられる。 
 













































(2E)-4-oxo-2-butenoic acid ethyl ester (61a) と様々な置換基を有する O-アリールヒドロキシ
ルアミン塩酸塩 62B-G 25) を脱水縮合した後、エチルエステルの加水分解およびペンタフ
ルオロフェノールとの縮合を行い、共役オキシムエーテル 6B-Gを合成した (Table 6)。 
 
Table 6. Preparation of conjugated oxime ethers 6B-G. 
 




で基質 6B が不安定であるため、目的の反応が進行するより先に 6Bの分解が進行したと考
えられる。そこで、還流条件下で反応させると、4Ba の収率は 89%に向上した。次に、メ
チル基を有する共役オキシムエーテル 6C を用いてベンゼン還流条件で反応を行った場合




























るアルキルラジカルとのドミノ型反応を検討した (Table 7)。共役オキシムエーテル 6A を
基質として、ヨード酢酸エチルとの反応を検討したところ、ベンゾフロピロールにエステ
ル官能基の導入された 4Abを得ることに成功した (entry 1)。また、2級ラジカルであるイ
ソプロピルラジカルやシクロペンチルラジカルとの反応ではエチルラジカル付加反応の場
合と比べて立体選択性が向上し、ベンゾフロピロール exo-4Ac、4Adが主生成物として得ら
れた (entries 2 and 3)。興味深いことに、3 級の tert-ブチルラジカルとの反応では exo-4Ae
が 66%の収率で高立体選択的に得られた (entry 4)。なお本反応では、,-不飽和ラクタム
76 が副生成物として生成していることが明らかとなった。 
 
Table 7. Domino reaction with various alkyl iodides. 
 
 そこで、ベンゾフロピロール exo-4Ae を Table 7、entry 4 と同様の反応条件に付したとこ
ろ、,-不飽和ラクタム 76へと 90%の収率で変換された (Scheme 27)。 
 





討した。27) その結果、,-不飽和ラクタム 76は副生せず、ベンゾフロピロール exo-4Ae の
収率は 98%にまで向上した (Scheme 28)。 
 




する共役オキシムエーテル 6H は第 1 章第 1 節第 3 項と同様の手法により
(2E)-4-oxo-2-butenoic acid ethyl ester (61a) から 3工程、53%の収率で合成した (Scheme 29)。 
 
Scheme 29. Preparation of conjugated oxime ether 6H. 
 
まず、パラ位に置換基を有する共役オキシムエーテル 6B-D を用いて、チオ硫酸ナトリ
ウム存在下、ヨウ化 tert-ブチルおよびトリエチルボランを加えて反応を行った (Scheme 30)。
その結果、いずれの場合も高立体選択的にドミノ型反応が進行し、ベンゾフロピロール
exo-4Be-De が得られた。置換基が収率に及ぼす影響はエチルラジカル付加反応 (第 1章第 1






置換体 4Heおよび 6位置換体 4He’がそれぞれ 1 : 2 の比率で生成した。 
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で次に、A1,2-strain が最小になるコンホメーション Cと D (式 3、4) を比較した。この場合
も同様に、より立体障害の小さいペンタフルオロフェニルエステル側から転位が進行する
















































用いることにした。19) すなわち、エチルエステルを有する共役オキシムエーテル 5A と
(1R)-(+)-2,10-camphorsultam をトリメチルアルミニウムで縮合することにより共役オキシム
エーテル 11を 66%の収率で合成した (Scheme 33)。 
 
Scheme 33. Preparation of conjugated oxime ether 11. 
 
次に、共役オキシムエーテル 11 を用いるジアステレオ選択的ドミノ型反応を検討した 
(Table 8)。まず、ベンゼン中、室温で共役オキシムエーテル 11にトリエチルボランを加え
た後、トリメチルアルミニウムを加え、還流条件下で反応を行ったところ、期待通りドミ
ノ型反応が進行し、ベンゾフロピロール 4Aa が 63%の収率で得られた (entry 1)。興味深い 
 
Table 8. Diastereoselective domino reaction. 
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ことに、本反応の立体選択性は、前節の反応 (第 1章第 2節) とは異なり、endo : exo = 2 : 1
と endo体が主生成物として得られた。なお、(3S,3aS,8aR)-4Aa の光学純度は 76% ee であっ
た。次に、立体選択性の向上を目指して溶媒および反応温度について検討した。トルエン
および DMF 中、ラジカル付加反応を低温条件で行ったところ、endo 体の光学純度は向上
したものの、収率の低下がみられた (entries 2 and 3)。続いて、アセトニトリルを用いて-40 °C
で反応を行ったところ、76%の収率、endo : exo = 3 : 1の比率でベンゾフロピロールが得ら
れ、(3S,3aS,8aR)-4Aa の光学純度は 93% eeに向上した (entry 4)。さらなる立体選択性向上
のため、プロピオニトリル中、-78 °C で反応を検討した。その結果、反応は効率的に進行
するものの、光学純度の向上はみられなかった (entry 5)。 
なお、得られたベンゾフロピロール (3S,3aS,8aR)-4Aa の立体構造は X線結晶構造解析に
より確認した (Figure 4)。 
 







S配置の N-ボリルエナミン 78が生成したと考えられる。 
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Scheme 34. Diastereoselective radical addition to conjugated oxime ether 11. 
 
 さらに続く、[3,3]-シグマトロピー転位反応の立体選択性について考察した (Scheme 35)。
第 1章第 2 節で示したように、転位はエナミンの A1,2-strain が最小となるコンホメーション


























































Scheme 36. Strategy for the synthesis of pyrrolo[2,3-b]indoline 4A’a. 
 
これまでに共役ヒドラゾンへのラジカル付加反応に関する研究例は非常に少なく、当研
究室で報告した例を除くとわずか 1例しかない (Scheme 37)。すなわち、2014 年にMonteiro
と Bouyssi らが Togni 試薬をトリフルオロメチルラジカル源として用いる共役ヒドラゾン
80 の位トリフルオロメチル化反応を報告しているのみである (式 1)。28) また、当研究室
ではトリエチルボランを用いる共役ヒドラゾン 82 へのペルフルオロアルキルラジカル付
加反応の開発に成功している (式 2)。29) したがって、共役ヒドラゾンへのラジカル付加反
応を利用したヘテロ環合成法は未だ報告されておらず、その開発にも興味がもたれた。 
 






を検討した。12G は文献 30) の方法を参考に、市販の (2E)-4-oxo-2-butenoic acid ethyl ester 
(61a) とフェニルヒドラジン塩酸塩 (84G) をピリジン中で脱水縮合することにより合成し
た (Scheme 38)。次に、ベンゼン中、室温で 12Gへのエチルラジカル付加反応を行ったが、
複雑な混合物が生成し、ピロロインドリン 4A’aは得られなかった。 
 
Scheme 38. Domino reaction of conjugated hydrazone 12G. 
 
そこで、ベンゼン環のパラ位に置換基を有する共役ヒドラゾンとの反応を検討した。置
換基としては入手容易な p-クロロおよび p-メトキシ基を選択した。すなわち、Scheme 38
と同様の手法を用いて共役ヒドラゾン 12I と 12Aを合成した (Scheme 39)。 
 
Scheme 39. Preparation of conjugated hydrazones 12I and 12A. 
 
まず、共役ヒドラゾン 12I のトリエチルボランによるドミノ型反応をベンゼン中、室温
で検討したが、期待したピロロインドリン 14Iaは得られなかった (Table 9、entry 1)。次に、
12Aを同様の条件下で反応させると、ピロロインドリン 14Aaは得られなかったものの、エ










水分解を検討した。しかし、カルボン酸 86 は得られず、ラクタム化の進行した 85 31) が生
成したため、ペンタフルオロフェニルエステルへの誘導は断念した。 
 
Scheme 40. Attempted hydrolysis of 12A. 
 
なお、インドール酢酸の位にアルキル基を有する 87や Auxinole などが植物の分化や成
長に関与するオーキシンの拮抗剤として作用することが見出されており、オーキシンの生
理機能の解明のためのツールとして利用されている (Figure 5)。32) したがって、多様な-
アルキルインドール酢酸誘導体を迅速に合成する手法の確立は、植物の生理機能解明のた
めに重要である。そこで、Table 9 に示すインドール酢酸誘導体 13Aa を合成できる本反応
がその簡便な手法となることを期待して、収率の向上を目指すこととした。 
 
Figure 5. Auxin antagonist. 
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まず、反応温度を上げて反応を検討したところ、インドール 13Aa の収率は 35%に向上
した (Tabe 10、entry 1)。そこで、より高温での反応を検討するため、クロロベンゼンや DMF
を溶媒に用いて還流条件で反応を行ったが、収率の向上はみられなかった (entries 2 and 3)。
さらに、アセトニトリル還流条件で反応を検討したところ、インドール 13Aa の収率が 43%
と若干向上したため、アセトニトリルを最適溶媒とした (entry 4)。 
 





インドール13Aaは得られなかった (entries 1 and 2)。33) 次に、塩化亜鉛存在下で反応を行っ
たところ、反応完結には10当量のトリエチルボランを要するものの、66%と良好な収率で






































 次に、共役ヒドラゾン 12Aからインドール 13Aaが生成する反応経路について考察した。
本反応は共役オキシムエーテルのドミノ型反応 (第 1章第 1節第 2項) と同様に、ボリルエ
ナミンの生成を経由して進行していると考えられる (Scheme 41)。すなわち、エチルラジカ





型インドール合成 35) が連続して進行している。 
 















成することでヨウ化亜鉛の失活を抑制していると考えられる (Scheme 42)。37) 
 




ことについて考察した。これは中間体 92 の性質に起因するものであると考えられる 
(Scheme 43)。すなわち、共役ヒドラゾンから生成する 2-アミノインドリン 16 (X = NH) の
場合、インドリン窒素の高い電子供与能により、ボリルアミンの脱離と芳香化が優先的に
進行し、インドール 13Aa が得られたと考えられる。一方、共役オキシムエーテルから生
成する 2-アミノジヒドロベンゾフラン 10b (X = O) の場合、ジヒドロベンゾフランの酸素
原子はインドリンの窒素原子に比べて電子供与能が低いため、芳香化よりラクタム化が優
先的に進行し、ベンゾフロピロール 4Aa が得られたと考えられる。 
 






を有する共役ヒドラゾン 12B-F, H, N-Q の合成を行った (Table 12)。 文献 24, 30) の方法を参
考に、(2E)-4-oxo-2-butenoic acid ethyl ester (61a) とアリールヒドラジン塩酸塩 84B-F, H, N-Q
をピリジン中 (method A) または酢酸ナトリウム存在下、エタノール中 (method B) で脱水
縮合することにより共役ヒドラゾン 12B-F, H, N-Q が良好な収率で得られた。 
 
Table 12. Preparation of conjugated hydrazones 12B-F, H, N-Q. 
 
なお、パラ位にアセトアミドを有するフェニルヒドラジン塩酸塩 84C は文献 38) の方法
を参考にして合成した (Scheme 44)。すなわち、ヨウ化銅を触媒として用いる N-(4-ヨード
フェニル)アセトアミド (93) と N-Boc ヒドラジンのカップリング反応によりアリールヒド
ラジン 94 を 82%の収率で合成した。さらに、94 をジクロロメタン中塩化水素 (4M、1,4-
ジオキサン溶液) で処理して Boc 基の脱保護を行い、定量的に 84Cを塩酸塩として得た。 
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Scheme 44. Preparation of hydrazine hydrochloride 84C. 
 
次に、共役ヒドラゾン 12B-I, N-Q のドミノ型反応を第 2章第 1節で確立した最適条件を
用いて検討した (Scheme 45)。 
 







対応する 5 位置換インドール 13Ba、13Ca、13Da が中程度の収率で得られた。次に、メチ
ル基および tert-ブチル基を有する共役ヒドラゾン 12E、12Fを用いて反応を行ったところ、
インドール 13Ea、13Faがそれぞれ 60%および 47%の収率で得られた。 
次に、無置換のフェニル基を有する共役ヒドラゾン 12G を最適条件で処理したところ、
目的のインドール 13Ga は痕跡量しか生成しなかった。また、フッ素および塩素原子を有




ベンゾ[g]インドール 13Na が 92%と高収率で得られた。また、2-ナフチル基を有する共役
ヒドラゾン 12O を同様の条件下で反応させると、ナフチル基の 1位で選択的に転位反応が
進行し、ベンゾ[e]インドール 13Oa が 62%と中程度の収率で得られた。 
最後に、オルト位およびメタ位にメトキシ基を有する共役ヒドラゾン 12P および 12Q に
ついて検討した。オルト位に置換基を有する共役ヒドラゾン 12P との反応では、7-メトキ
シインドール 13Paが 44%の収率で得られた。一方、メタ位にメトキシ基を有する共役ヒド











ルヒドラゾン 95a と 95b を用いて、酸性条件下で Fischer インドール合成を検討している
(Scheme 46)。39) その結果、いずれの基質からも電子豊富なベンゼン環側で転位の進行した
インドール 96a、97b が優先的に得られることを見出している。また、一般に Fischer イン
ドール合成はベンゼン環上のパラ位に電子供与基を有する場合に反応が進行しやすいこと




Scheme 46. Fischer indolization of diphenyl hydrazones 95a and 95b. 
 
2. ナフチル基を有する共役ヒドラゾン 12Nと 12O の反応性の相違 
 ナフチル基を有する共役ヒドラゾン 12Nと 12O の反応を比較すると、収率に有意な差が
あることが判明した。この理由を第 1章第 2節と同様に[3,3]-シグマトロピー転位における
六員環遷移状態を用いて考察した (Scheme 47)。 
 1-ナフチル基を有する共役ヒドラゾン 12Nから生成するボリルエナミン 98の転位反応で
は、A1,2-strain が最小となる遷移状態 J はナフチル基と置換基 (エチル基またはエチルエス
テル) との立体障害が小さく、効率的に転位が進行したと考えられる (式 1)。これに対し
て、2-ナフチル基を有する共役ヒドラゾン 12Oから生成するボリルエナミン 99の転位反応
では、遷移状態 K はナフチル基と置換基との立体障害があるため、J と比較して転位が進
行しにくいと考えられる (式 2)。したがって、12O に比べて 12N との反応のほうが収率良
くインドールが得られたと考えられる。 
 














ピル基の導入されたインドール 13Abが 95%と高収率で得られた (entry 1)。また同様に、2
級アルキルラジカルを発生するヨウ化 sec-ブチル、ヨウ化シクロペンチルおよびヨウ化シ
クロヘキシルとの反応でも対応するインドール 13Ac-Ae が収率良く得られた (entries 2-4)。
また、臭化ベンジルから発生するベンジルラジカルとの反応を検討したところ、低収率で
はあるものの、目的のインドール 13Af が生成した (entry 5)。さらに、求電子的なラジカル
を発生するヨード酢酸エチルおよびヨードアセトニトリルとの反応も進行し、エステルや
ニトリルを有する置換基が導入されたインドール 13Ag、13Ahの合成に成功した(entries 6 
and 7)。

Table 13. Domino reaction with various alkyl halides. 
 
 さらに、3級ラジカルを発生するヨウ化 tert-ブチルを用いて反応を検討したところ、tert-
ブチル基の導入された 13Ai は得られず、興味深いことに tert-ブチル基の代わりに水素原子









行し、高収率でインドール 17Aが得られた (entries 4 and 5)。さらに試薬の検討を行ったと
ころ、ヨウ化亜鉛やチオ硫酸ナトリウムを添加せずとも反応は進行することが明らかと
なった (entries 6 and 7)。以上の結果から、本反応はヨウ化 tert-ブチルの添加のみで進行す














第３章 還元的 Fischerインドール合成の開発 
 
前章で著者は、アセトニトリル還流条件下、共役ヒドラゾン 12A にヨウ化 tert-ブチルを
























ヨージド 101を合成する手法を開発している (Scheme 50、式 1)。46) また、小川らはヨウ素
をジフェニルホスフィンオキシドで還元すると生成するヨウ化水素-ジフェニルホスフィ
ンオキシド複合体を用いたアルキン 102 のヒドロヨウ素化反応を報告している (式 2)。47) 
さらに最近、Sarpongらはトリメチルシリルヨージドに少量の水を添加すると触媒量のヨウ
化水素が生成することを見出し、分子内にオレフィンを有するトシルアミド 104 の閉環反
応へと応用している (式 3)。48) 
 
Scheme 50. Methods for generation of anhydrous hydrogen iodide. 
 
一方、ヨウ化水素がヨウ化 tert-ブチルの熱分解により生成することが Benson や Oggらに








び Liebscherによって報告された 3-イソブチリデン-2,5-ジケトピペラジン 106の還元反応の
1 例のみである (式 2)。51) 本反応では、トルエン還流条件下、106 にヨウ化 tert-ブチルを
作用させると、オレフィンがヨウ化水素によりヒドロヨウ素化されて-ヨードカルボニル
化合物 107 が生成する。さらに、107 がヨウ化物イオンと反応することでオレフィンの還
元された 108が得られたと考えられている。 
 
Scheme 51. Generation of anhydrous hydrogen iodide from tert-butyl iodide and application to 








スインドール 111の形成などの副反応が進行しやすいためである (Scheme 52)。52)  
 
Scheme 52. Fischer indolization with acetal. 
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したがって、最近ではアルデヒドをアルコール 112 やオレフィン 115 から反応系中で発
































のヨウ化 tert-ブチルを加えると、75%の収率でインドール 17Aが得られた (entry 1)。そこ
で、ヨウ化 tert-ブチルの量を 3当量に減らして反応を行うと、収率は 90%に向上した (entry 
2)。さらに、2 当量まで減らすと反応時間を延長しても、原料 12A が消失せず、インドー 
 
Table 15. Optimization of the reaction conditions. 
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ル 17Aの収率は 55%に低下した (entry 3)。以上の結果から、3当量のヨウ化 tert-ブチルを
加えた場合に最も効率良く反応が進行することが明らかとなった。次に、室温での反応を
検討したところ、反応時間の延長はみられるものの 77%と良好な収率で 17A が得られた 
(entry 4)。次に、本反応の溶媒効果について検討したところ、興味深い結果が得られた。本
反応をジクロロメタンやベンゼンなどの非極性溶媒中で行うと、インドール 17Aは得られ
ず、12Aが回収されるのみであった (entries 5 and 6)。一方、エタノールや DMF などの極性













合成にも耐えうるインドールの新規合成法である (entry 11)。 
 























 本章の序論で述べたように、Jin および Liebscher によって報告されたヨウ化 tert-ブチル
を用いるオレフィンの還元反応では、ヨウ化水素の発生にトルエン還流条件と高温が必要




ンを測定溶媒として、NMR サンプルチューブ中でヨウ化 tert-ブチルの 1H NMRスペクトル
の経時変化を測定した。その結果、重アセトニトリルを溶媒に用いた場合には、30 分後に
は 1.71 ppmと 4.65 ppmの化学シフト値にイソブテンのシグナルが新たに観測された。一方、
重ベンゼンを溶媒に用いた場合では 24 時間経過してもスペクトルの変化はみられなかっ
た。したがって、アセトニトリルがヨウ化 tert-ブチルの分解を促進していると考えられる。 
 また、アセトニトリル中、ヨウ化 tert-ブチルに水を添加して 1時間加熱還流したところ、
N-tert-ブチルアセトアミド (121) 55) が 39%の収率で得られた (Scheme 54)。すなわち、本反
応では、ヨウ化 tert-ブチルとアセトニトリルが反応してニトリリウムイオン中間体 120 を
形成した後、水分子が付加することでアミド 121が生成したと考えられる。56) 
 
Scheme 54. Reaction of tert-butyl iodide in acetonitrile with water. 
 
 以上の結果から、本反応において溶媒のアセトニトリルがヨウ化 tert-ブチルとニトリリ
ウムイオン中間体 120 を形成することで、ヨウ化水素の発生を促進していると考えられる 
(Scheme 55)。 
 











Scheme 56. Reaction of conjugated oxime ether 5A with tert-butyl iodide. 
 
 共役ヒドラゾンに特有な反応として、イミンの位炭素上での求電子剤との反応が知られ
ている (Scheme 57)。57) すなわち、共役ヒドラゾン 123 は窒素原子の高い電子供与性によっ
て 124のような共鳴構造をとることができるため、イミンの位炭素上の電子密度が増大し
ている。そのため、共役ヒドラゾン 123 は,-不飽和カルボニル化合物 61 とは異なり、
位炭素上で求電子剤と反応し、125を与える。 
 




とを報告している (Scheme 58、式 1)。58) また、丸岡らは共役ヒドラゾン 123cの反応性を




Scheme 58. -Substitution of conjugated hydrazones. 
 
 上記の反応例から、共役ヒドラゾン 18 からインドール 22 が生成する反応経路を次のよ
うに予想した (Scheme 59)。すなわち、ヨウ化 tert-ブチルから発生したヨウ化水素によって








 まず、窒素-窒素二重結合を有するアゾジカルボン酸ジエチル (127) を基質として、アセ
トニトリル還流条件下で 2当量のヨウ化 tert-ブチルと反応させたところ、窒素-窒素二重結
合の還元されたヒドラジン-1,2-ジカルボン酸ジエチル (128) 60) が 91%の収率で得られた 
(Scheme 60、式 1)。61) 一方、炭素-炭素二重結合を有するフマル酸ジメチル (129) を同反応












 とヨウ化 tert-ブチルの反応を検討した。なお、131 は (2E)-4-oxo-2-butenoic acid ethyl 
ester (61a) と N,N-ジメチルヒドラジンから合成した (Scheme 61、式 1)。131 をヨウ化 tert-
ブチルで処理したところ、炭素-炭素二重結合の還元されたヒドラゾン 133 が 40%の収率





Scheme 61. Reduction of N,N-dimethyl conjugated hydrazone 131 with tert-butyl iodide. 
 










また、本反応の完結には 3 当量のヨウ化 tert-ブチルが必要であった。これは共役ヒドラ






Scheme 62. Plausible reaction pathway. 
 
 また、もう一つの反応経路として、アゾニウムイオン中間体 19 にヨウ化物イオンが
Michael 型付加して生成する-ヨードヒドラゾン 134がヨウ化水素により還元され、エンヒ
ドラジン 21となる可能性も考えられる (Scheme 63)。 
 











































 次に、著者は還元的 Fischer インドール合成の基質適用範囲
の検討を行った。第 3章第 3節第 1項ではベンゼン環上の置換
基 (R1)、第 3章第 3節第 2項では基質一般性 (R2、R3、R4) に
ついて検討した。 
 
第１項 ベンゼン環上の置換基 (R1) の検討 
 
 まず、基質となる共役ヒドラゾン 12J-M の合成を行った (Table 16)。共役ヒドラゾン
12J-Mは第 2章第 3節と同様に、(2E)-4-oxo-2-butenoic acid ethyl ester (61a) とアリールヒド
ラジン塩酸塩 84J-Mとの脱水縮合により合成した。 
 
Table 16. Preparation of conjugated hydrazones 12J-M. 
 
 次に、様々なアリール基を有する共役ヒドラゾンを用いてベンゼン環上の置換基効果に




ル 17G 64) が良好な収率で得られた。また、パラ位にハロゲンを有する共役ヒドラゾン 12H、







の反応を検討した。その結果、12Lからは 7-メチルインドール 17Lが 64%の収率で生成し
た。一方、12M からは 4-メチルインドール 17M (28%) および 6-メチルインドール 17M’ 
(23%) が約 1 : 1の比率で得られ、転位反応における位置選択性の発現はみられなかった。
最後に、1-ナフチル基を有する共役ヒドラゾン 12Nとの反応も効率的に進行し、ベンゾ[g]
インドール 17Nが 79%の収率で得られた。 
 









第２項 基質一般性 (R2、R3、R4) の検討 
 
 次に、共役ヒドラゾンの基質一般性について検討するため、R2、R3、R4 (p.58 参照) に置
換基を有する基質の合成を行った。 
 まず、窒素原子上に置換基 R2を有する共役ヒドラゾン 23Aa-Ac を合成した (Table 17)。
THF中、0 °Cで 12Aを水素化ナトリウムで処理した後、ヨウ化メチルを加えて室温で反応
させることで、N-メチル化体 23Aa を 98%の収率で得た。また、12A を同様に水素化ナト
リウムで処理した後、臭化ベンジルまたは無水酢酸を加えて加熱還流して、N-ベンジル化
体 23Ab (55%) と N-アセチル化体 23Ac (78%) を得た。 
 
 Table 17. Preparation of N,N-disubstituted hydrazones 23Aa-Ac. 
 
次に、R3 にフェニル基を有するケトヒドラゾン 24 を(2E)-4-oxo-4-phenyl-2-butenoic acid 
ethyl ester (135) と p-メトキシフェニルヒドラジン塩酸塩 (84A) との脱水縮合により合成
した (Scheme 65)。 
 
Scheme 65. Preparation of ketohydrazone 24. 
 
さらに、R4 に様々な置換基を有する共役ヒドラゾンの合成を行った。文献 24) の手法を
参考に、(2E)-4-oxo-2-butenoic acid ethyl ester (61a)、アクロレイン (61b)、クロトンアルデヒ
61 
 
ド (61c) およびシンナムアルデヒド (61d) とジフェニルヒドラジン塩酸塩を脱水縮合し
て、R4にエステル、水素原子、メチル基およびフェニル基をもつ共役ヒドラゾン 25a-d を
得た (Table 18)。 
 
Table 18. Preparation of conjugated hydrazones 25a-d. 
 
また、文献 67) の方法を参考に、ヨウ化アリール 136a-cとアセタール 137との Heck反応
によりシンナムアルデヒド誘導体 138a-c を合成し、さらにジフェニルヒドラジン塩酸塩と
縮合させることで、R4 に様々なアリール基を有する共役ヒドラゾン 26a-c を合成した 
(Scheme 66)。 
 
 Scheme 66. Preparation of conjugated hydrazones 26a-c. 
 






 (82%)、27Ab 68) (88%) が得られた。一方、アセチル基を有する共役ヒドラゾン 23Ac






Scheme 67. Reaction of N,N-disubstituted hydrazones 23Aa-Ac. 
 
次に、ケトヒドラゾン 24をヨウ化 tert-ブチルで処理すると、93%と高収率で 2位にフェ
ニル基を有するインドール 28が得られることが明らかとなった (Scheme 68)。 
 
 Scheme 68. Reaction of ketohydrazone 24. 
 
 さらに、共役ヒドラゾン 25a-d、26a-c との反応を検討した (Scheme 69)。共役ヒドラゾ
ン 25a-c をアセトニトリル還流条件下、ヨウ化 tert-ブチルで処理したところ、期待通り反
応が進行し、インドール-3-酢酸エチル 29a (89%)、3-メチルインドール 29b 69) (60%) および
3-エチルインドール 29c 70) (91%) が得られた。また、共役ヒドラゾン 25d 28) との反応では
81%と良好な収率で 3-ベンジルインドール 29d 71) が得られたが、反応時間を延ばしても少





インドール 30bを与えた。一方、26a および 26cを用いた場合、インドール 30a (63%)、30c 
63 
 
(62%) は得られたが、いずれも原料 26a (25%)、26c (30%) が回収された。本反応では、反
応時間の延長やヨウ化 tert-ブチルの増量では収率は向上しなかった。 
 
Scheme 69. Reaction of conjugated hydrazones 25a-d and 26a-c. 
 
26aと 26c の反応性が低下した理由を次のように考察した (Scheme 70)。置換基 R4に電子
豊富なアリール基 (例: p-MeOC6H4) を有する共役ヒドラゾンには 139 のような共鳴構造の
寄与があると考えられる。72) そのため、アゾニウムイオン 140の生成が妨げられることに
より、インドール 30a および 30cの収率が低下したと考えられる。 
 













第 3章第 3節第 1項、第 2項で検討した置換基効果および基質一般性の検討の結果から、
本反応は様々な共役ヒドラゾンに対して適用可能であり、多様なインドールが合成できる











































Indomethacin は非選択的にシクロオキシゲナーゼ (COX) を阻害することから、COX-2
阻害による主作用だけでなく、COX-1阻害による消化管障害などの副作用も起こりやすい
とされている。なお、Indomethacinが COXとの複合体を形成する際、COX-1に対しては s-




 有澤ら 75) はインドール環の 2位と 7位に適切な置換基を導入することで、アミド結合の
回転を抑え、Indomethacin 誘導体の配座を制御することに成功している (Scheme 71)。すな
わち、インドール 141a (R1 = H, R2 = Ph) および 141b (R1 = alkyl, R2 = H) は s-トランス配座 
 
Scheme 71. Conformations of indomethacin derivatives. 
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を、インドール 141c (R2 = alkyl) は s-シス配座をそれぞれ優先的にとることを見出している。
一般に Indomethacin の合成には住友化学社法 76) が用いられており、優れた工業的な手法
であるが、その誘導体を合成するためには新たな手法の開発が必要となる。そこで彼らは、
これらのインドール誘導体を得るため、独自に開発した芳香族エナミド－エンメタセシス
反応を用いて合成を行っている (Scheme 72)。77) 本反応は多置換インドールを系統的に合




Scheme 72. Synthesis of Indomethacin derivatives using aromatic enamide/ene metathesis. 
 




 まず、市販の共役ケトン 147と p-メトキシフェニルヒドラジン塩酸塩 (84A) をピリジン
中で脱水縮合して、還元的 Fischer インドール合成の基質となる共役ヒドラゾン 31 を 99%
の収率で得た (Scheme 73)。続いて、鍵反応である還元的 Fischer インドール合成をグラム
スケールで行った。アセトニトリル中、1.0 g の共役ヒドラゾン 31 にヨウ化 tert-ブチルを
加えて 30 分間加熱還流したところ、期待通り反応が進行し、95%と高収率でインドール 
32 
78)
 が生成した。次に、p-クロロベンゾイルクロリドを用いて 1位をベンゾイル化 79) し、
148 
80)






Scheme 73. Synthesis of Indomethacin. 
 









































Scheme 74. Strategy for the synthesis of fused indoline 151a and 151b. 
 
 そこで、3位にメチル基を有する共役ヒドラゾン33を (2E)-3-methyl-4-oxo-2-butenoic acid 
ethyl ester (152) 
83)










 Scheme 75. Synthesis of pyrroindoline 35 and furoindoline 36. 
 
 さらに、得られたピロロインドリン35を還元的アミノ化条件でN-メチル化した後、ラク
タムを還元することで(±)-Esermethole 9e, 86) を共役アルデヒド152から5工程、総収率34%で
合成することに成功した (Scheme 76)。EsermetholeからPhysostigmineへの変換 87) はすでに
報告されているため、この段階で(±)-Physostigmineの形式全合成が達成された。なお、フロ
インドリン36からEsermetholeを合成する手法も報告  88) されていることから、36も
(±)-Physostigmineへと誘導できる。 
 

































































第 4 章 実験の部 
 









C NMR) using Varian Gemini-300 (300 MHz), Varian MERCURY plus 300 (300 MHz), or 
Varian NMR system AS 500 (500 MHz) spectrometers. IR spectra were obtained on a Perkin Elmer 
SpectrumOne A spectrometer. High-resolution mass spectra were obtained by ESI methods on 
Thermo Fisher Scientific Exactive. Melting points (uncorrected) were determined on BÜCHI 
M-565 apparatus. Optical rotation was measured with a JASCO DIP-370 digital polarimeter. 
Preparative TLC separations (PTLC) were carried out on precoated silica gel plates (E. Merck 
60F254). Medium-pressure column chromatography was performed using Lobar größe B (E. Merck 
310-25, Lichroprep Si60). HPLC was performed on a Hitachi L-7100 liquid chromatography 
coupled with a Hitachi L-7400 spectrophotometeric detector. X-Ray single crystal diffraction 
analysis were performed on a Rigaku XtaLAB PRO apparatus at -180 °C using with CuK radiation 
( = 1.54187 Å). tert-Butyl iodide was purified by column chromatography on Al2O3 prior to use. 


























(2E, 4E/Z)-4-(Phenoxyimino)-2-butenoic Acid Ethyl Ester (5A). To a solution of 
(2E)-4-oxo-2-butenoic acid ethyl ester (1.0 g, 7.8 mmol) in pyridine (50 mL) was added 
O-phenylhydroxylamine hydrochloride (1.36 g, 9.4 mmol) under N2 atmosphere at room 
temperature. After being stirred for 0.5 h, the reaction mixture was acidified with 10% HCl and 
extracted with Et2O. The organic phase was washed with saturated NaCl, dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by flash column 
chromatography (hexane : AcOEt = 10 : 1) to afford 5A (1.67 g, 98%, 2 : 1 mixture of 4E- and 





H NMR (300 MHz, CDCl3) : 8.15 (1H, d, J = 10.0 Hz), 7.43 (1H, dd, J = 
16.0, 10.0 Hz), 7.36-7.03 (2H, m), 7.22-7.18 (2H, m), 7.10-7.05 (1H, m), 6.28 (1H, d, J = 16.0 Hz), 
4.27 (2H, q, J = 7.0 Hz), 1.34 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 165.4, 158.7, 150.5, 
136.4, 129.3, 128.9, 123.0, 114.5, 60.9, 14.1; ESI-HRMS m/z: calcd for C12H14O3N [M + H]
+ 




H NMR (300 MHz, CDCl3) : 
7.98 (1H, dd, J = 16.0, 10.0 Hz), 7.45 (1H, d, J = 10.0 Hz), 7.37-7.31 (2H, m), 7.26-7.21 (2H, m), 
7.10-7.05 (1H, m), 6.27 (1H, d, J = 16.0 Hz), 4.29 (2H, q, J = 7.0 Hz), 1.34 (3H, t, J = 7.0 Hz); 
13
C 
NMR (75 MHz, CDCl3) : 165.7, 158.9, 147.5, 129.7, 129.6, 129.4, 123.0, 114.8, 61.2, 14.2; 
ESI-HRMS m/z: calcd for C12H14O3N [M + H]
+ 
220.0968, found 220.0969. 
 
Domino Reaction of 5A [Table 2, entry 2]. To a solution of 5A (50 mg, 0.23 mmol) in benzene (5 
mL) was added Et3B (1.04 M in hexane, 1.1 mL, 1.14 mmol) and Me3Al (1.05 M in hexane, 0.52 
mL, 0.55 mmol) under N2 atmosphere at room temperature. After being stirred for 2 h, the reaction 
mixture was diluted with 20% Rochelle salt solution and extracted with CHCl3. The organic phase 
was dried over MgSO4 and concentrated under reduced pressure. The crude product was purified by 
PTLC (hexane : AcOEt = 1 : 2) to afford exo-4Aa (11.3 mg, 24%) and endo-4Aa (12.1 mg, 26%). 
 
(3S,3aR,8aS)-rel-3-Ethyl-1,3,3a,8a-tetrahydro-2H-benzofuro[2,3-b]pyrrol-2-one (exo-4Aa). 




H NMR (300 MHz, 
CDCl3) : 7.20-7.14 (3H, m), 6.93 (1H, dd, J = 8.0, 7.5 Hz), 6.80 (1H, d, J = 8.0 Hz), 6.10 (1H, d, J 
= 7.5 Hz), 3.83 (1H, dd, J = 7.5, 3.0 Hz), 2.55-2.50 (1H, m), 2.05-1.91 (1H, m), 1.74-1.59 (1H, m), 
1.14 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3) : 178.7, 157.6, 129.2, 128.5, 124.6, 121.7, 
110.4, 90.7, 50.0, 47.3, 25.4, 11.5; ESI-HRMS m/z: calcd for C12H14O2N [M + H]
+
 204.1019, found 









H NMR (300 MHz, 
CDCl3) : 7.24-7.17 (3H, m), 6.91 (1H, dd, J = 8.0, 7.5 Hz), 6.82 (1H, d, J = 8.0 Hz), 6.10 (1H, d, J 
= 7.0 Hz), 4.26 (1H, dd, J = 9.0, 7.0 Hz), 2.72 (1H, td, J = 9.0, 5.0 Hz), 1.91-1.77 (1H, m), 
1.73-1.58 (1H, m), 1.12 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3) : 178.0, 158.3, 129.3, 
126.5, 124.4, 121.1, 110.5, 90.0, 45.4, 45.2, 20.1, 12.8; ESI-HRMS m/z: calcd for C12H14O2N [M + 
H]
+
 204.1019, found 204.1013. Anal: calcd for C12H13O2N: C, 70.92; H, 6.45; N, 6.89. found: C, 
70.52; H, 6.43; N, 6.77. 
 
[Table 2, entry 3]. To a solution of 5A (50 mg, 0.23 mmol) in benzene (5 mL) was added Et3B 
(1.04 M in hexane, 1.1 mL, 1.14 mmol) and Me3Al (1.05 M in hexane, 0.52 mL, 0.55 mmol) under 
N2 atmosphere at reflux. After being stirred for 2 h, the reaction mixture was diluted with 20% 
Rochelle salt solution and extracted with CHCl3. The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 
1 : 2) to afford exo-4Aa (14.4 mg, 31%) and endo-4Aa (15.5 mg, 33%). 
 
[Table 2, entry 4]. To a solution of 5A (50 mg, 0.23 mmol) in toluene (5 mL) was added Et3B (1.04 
M in hexane, 1.1 mL, 1.14 mmol) and Me3Al (1.05 M in hexane, 0.52 mL, 0.55 mmol) under N2 
atmosphere at reflux. After being stirred for 1 h, the reaction mixture was diluted with 20% 
Rochelle salt solution and extracted with CHCl3. The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 
1 : 2) to afford exo-4Aa (11.9 mg, 25%) and endo-4Aa (11.0 mg, 24%). 
 
General Procedure for Preparation of 4-(Phenoxy)imino-2-butenoic Acid Phenyl Esters [Table 
3]. To a solution of 5A in THF (0.025-0.1 M) was added LiOH (10.0 eq.) in H2O (15 mL) at room 
temperature. After being stirred for 0.5 h, the reaction mixture was concentrated under reduced 
pressure, acidified with 10% HCl, and extracted with CHCl3. The organic phase was dried over 
MgSO4 and concentrated under reduced pressure to afford the corresponding carboxylic acid which 
was used directly for the next step. To a solution of carboxylic acid in CH2Cl2 (0.4 M) were added 
ArOH (1.2 eq.), EDC•HCl (1.5 eq.), and DMAP (0.1 eq.) at room temperature. After being stirred 
for 2-3 h, the reaction mixture was diluted with H2O and extracted with CHCl3. The organic phase 
was dried over MgSO4 and concentrated under reduced pressure. The crude product was purified by 
flash column chromatography (hexane : AcOEt = 10 : 1) to afford 63A, 64A or 6A in yield shown 





(2E, 4E)-4-(Phenoxyimino)-2-butenoic Acid Phenyl Ester (63A) [entry 1]. Pale yellow crystals; 




H NMR (300 MHz, CDCl3) : 8.22 (1H, d, J 
= 10.0 Hz), 7.62 (1H, dd, J = 16.0, 10.0 Hz), 7.45-7.06 (10H, m), 6.47 (1H, d, J = 16.0 Hz); 
13
C NMR 
(75 MHz, CDCl3) : 163.9, 158.7, 150.4, 150.3, 138.3, 129.5, 129.4, 127.9, 126.1, 123.2, 121.4, 
114.6; ESI-HRMS m/z: calcd for C16H14O3N [M + H]
+ 
268.0968, found 220.0969. 
 
(2E, 4E)-4-(Phenoxyimino)-2-butenoic Acid 2,3,4,5,6-Pentachlorophenyl Ester (64A) [entry 2]. 




H NMR (300 MHz, 
CDCl3) : 8.26 (1H, d, J = 10.0 Hz), 7.73 (1H, dd, J = 16.0, 10.0 Hz), 7.36 (2H, br t, J = 7.5 Hz), 7.22 
(2H, br d, J = 7.5 Hz), 7.10 (1H, br t, J = 7.5 Hz), 6.52 (1H, d, J = 16.0 Hz); 
13
C NMR (75 MHz, 
CDCl3) : 161.2, 158.7, 149.8, 143.8, 140.7, 132.1, 131.8, 129.5, 127.7, 125.0, 123.4, 114.6; 
ESI-HRMS m/z: calcd for C16H9O3NCl5 [M + H]
+ 
437.9092, found 437.9027. 
 
(2E, 4E)-4-(Phenoxyimino)-2-butenoic Acid 2,3,4,5,6-Pentafluorophenyl Ester (6A) [entry 3]. 




H NMR (300 MHz, 
CDCl3) : 8.24 (1H, d, J = 10.0 Hz), 7.70 (1H, dd, J = 16.0, 10.0 Hz), 7.38-7.33 (2H, m), 7.23-7.20 
(2H, m), 7.13-7.08 (1H, m), 6.49 (1H, d, J = 16.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 161.3, 158.7, 
149.7, 142.8 (m), 141.3 (m), 141.0, 139.6 (m), 138.0 (m), 136.2 (m), 129.5, 124.4, 123.5, 114.6; 
ESI-HRMS m/z: calcd for C16H9O3NF5 [M + H]
+ 
358.0497, found 358.0488. 
 
Domino Reaction of 63A [Table 4, entry 1]. To a solution of 63A (53 mg, 0.2 mmol) in benzene (5 
mL) was added Et3B (1.04 M in hexane, 0.96 mL, 1.0 mmol) and Me3Al (1.05 M in hexane, 0.46 
mL, 0.48 mmol) under N2 atmosphere at reflux. After being stirred for 2 h, the reaction mixture was 
diluted with H2O and extracted with CHCl3. The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 
1 : 2) to afford exo-4Aa (14.2 mg, 35%) and endo-4Aa (15.4 mg, 38%). 
 
Domino Reaction of 64A [Table 4, entry 2]. To a solution of 64A (87 mg, 0.2 mmol) in benzene (5 
mL) was added Et3B (1.04 M in hexane, 0.96 mL, 1.0 mmol) and Me3Al (1.05 M in hexane, 0.46 
mL, 0.48 mmol) under N2 atmosphere at reflux. After being stirred for 1.5 h, the reaction mixture 
was diluted with H2O and extracted with CHCl3. The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 






Domino Reaction of 6A [Table 4, entry 3]. To a solution of 6A (70 mg, 0.2 mmol) in benzene (5 
mL) was added Et3B (1.04 M in hexane, 0.96 mL, 1.0 mmol) and Me3Al (1.05 M in hexane, 0.46 
mL, 0.48 mmol) under N2 atmosphere at reflux. After being stirred for 1 h, the reaction mixture was 
diluted with H2O and extracted with CHCl3. The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 
1 : 2) to afford exo-4Aa (17.5 mg, 43%) and endo-4Aa (18.2 mg, 45%). 
 
[Table 4, entry 4]. To a solution of 6A (70 mg, 0.2 mmol) in benzene (5 mL) was added Et3B (1.04 
M in hexane, 0.96 mL, 1.0 mmol) and Me3Al (1.05 M in hexane, 0.46 mL, 0.48 mmol) under N2 
atmosphere at room temperature. After being stirred for 1 h, the reaction mixture was diluted with 
H2O and extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under 
reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 1 : 2) to afford 
exo-4Aa (13.9 mg, 34%) and endo-4Aa (16.7 mg, 41%). 
 
[Table 4, entry 5]. To a solution of 6A (70 mg, 0.2 mmol) in benzene (5 mL) was added Et3B (1.04 
M in hexane, 0.96 mL, 1.0 mmol) under N2 atmosphere at reflux. After being stirred for 1 h, the 
reaction mixture was diluted with H2O and extracted with CHCl3. The organic phase was dried over 
MgSO4 and concentrated under reduced pressure. The crude product was purified by PTLC 
(hexane : AcOEt = 1 : 2) to afford exo-4Aa (16.4 mg, 40%) and endo-4Aa (16.3 mg, 41%). 
 
[Table 4, entry 6]. To a solution of 6A (70 mg, 0.2 mmol) in benzene (5 mL) was added Et3B (1.04 
M in hexane, 0.96 mL, 1.0 mmol) and under N2 atmosphere at room temperature. After being stirred 
for 1 h, the reaction mixture was diluted with H2O and extracted with CHCl3. The organic phase 
was dried over MgSO4 and concentrated under reduced pressure. The crude product was purified by 
















Domino Reaction of 6A with Thiyl Radical [Scheme 24]. To a solution of 6A (71 mg, 0.2 mmol) 
in benzene (5 mL) were added thiophenol (77 mg, 0.7 mmol) and Et3B (1.04 M in hexane, 0.1 mL, 
0.1 mmol) under air atmosphere at room temperature. After being stirred for 18 h, the reaction 
mixture was concentrated under reduced pressure. Purification of the residue by medium-pressure 
column chromatography (hexane : AcOEt = 10 : 1) afforded 72 (72 mg, 74%) as a 1 : 2 : 5 : 10 
mixture of stereoisomers. 
 
3-Hydroxy-4-(phenoxyimino)-2-(phenylthio)-butanoic Acid 2,3,4,5,6-Pentafluorophenyl Ester 




H NMR (300 MHz, CDCl3): 8.00 (10/18H, d, J = 
5.0 Hz), 8.00 (5/18H, d, J = 4.0 Hz), 7.63-7.58 (2H, m), 7.38-7.25 (5H, m), 7.17-7.01 (3H + 3/18H, 
m), 4.94-4.85 (1H, m), 4.49 (1/18H, d, J = 3.5 Hz), 4.36 (2/18H, d, J = 7.0 Hz), 4.27 (5/18H, d, J = 
7.0 Hz), 4.18 (10/18H, d, J = 8.0 Hz), 3.28 (1H, m); 
13
C NMR (75 MHz, CDCl3) : 166.6, 158.8, 
150.9, 150.7, 134.1, 134.0, 131.2, 130.9, 129.6, 129.5, 129.4 (2C), 129.3, 122.9, 122.8, 114.8, 114.5, 
69.4, 68.5, 55.4, 54.3; ESI-HRMS m/z: calcd for C22H15O4NF5S [M + H]
+
 484.0636, found 
484.0638. 
 
Formation of trans-75 [Table 5, entry 1]. To a solution of 5A (50 mg, 0.23 mmol) in benzene (5 
mL) was added Et3B (1.04 M in hexane, 1.1 mL, 1.14 mmol) under N2 atmosphere at reflux. After 
being stirred for 1 h, the reaction mixture was cooled to room temperature and acetic anhydride 
(0.11 mL, 1.14 mmol) was added. After being stirred for 0.5 h, the reaction mixture diluted with 
H2O and extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under 
reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 1 : 1) to afford 
cis-4Aa (11.7 mg, 21%, exo : endo = 1 : 1) and trans-75 (23.8 mg, 36%, less polar product : more 
polar product = 5 : 1). 
 
(2R,3R)-rel-2-[2-(Acetylamino)-2,3-dihydrobenzofuran-3-yl]butanoic Acid Ethyl Ester 




H NMR (300 MHz, 
CDCl3) : 7.18 (1H, br t, J = 7.0 Hz), 7.08 (1H, d, J = 7.5 Hz), 6.87 (1H, td, J = 7,5, 1.0 Hz), 6.83 
(1H, d, J = 8.0 Hz), 6.36 (1H, br d, J = 9.0 Hz), 6.29 (1H, dd, J = 9,0, 3.5 Hz), 4.16 (2H, qd, J = 7,0, 
1.0 Hz), 3.37 (1H, dd, J = 8.0, 3.5 Hz), 2.54 (1H, ddd, J = 10.0, 8.0, 3.5 Hz), 2.01 (3H, s), 1.80-1.55 
(2H, m), 1.23 (3H, t, J = 7.0 Hz), 0.92 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 173.9, 
169.9, 157.9, 129.3, 126.0, 124.7, 121.1, 110.3, 85.4, 60.6, 50.9, 50.2, 23.4, 22.8, 14.2, 11.8; 
ESI-HRMS m/z: calcd for C16H22O4N [M + H]
+




(2R,3R)-rel-2-[2-(Acetylamino)-2,3-dihydrobenzofuran-3-yl]butanoic Acid Ethyl Ester 




H NMR (300 
MHz, CDCl3) : 7.21 (1H, d, J = 7.5 Hz), 7.20 (1H, t, J = 7.5 Hz), 6.91 (1H, t, J = 7,5 Hz), 6.84 (1H, 
d, J = 8.0 Hz), 6.29 (1H, br d, J = 9.0 Hz), 6.24 (1H, dd, J = 9,0, 2.5 Hz), 4.15 (2H, q, J = 7,0 Hz), 
3.38 (1H, dd, J = 7.5, 2.5 Hz), 2.60 (1H, dd, J = 14.0, 7.5 Hz), 2.00 (3H, s), 1.74-1.64 (2H, m), 1.21 
(3H, t, J = 7.0 Hz), 0.94 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 173.7, 169.8, 158.3, 
129.3, 125.7, 125.3, 120.9, 110.4, 86.3, 60.8, 49.84, 49.78, 23.4, 22.1, 14.1, 11.5; ESI-HRMS m/z: 
calcd for C16H22O4N [M + H]
+
 292.1543, found 292.1540. 
 
[Table 5, entry 2]. To a solution of 5A (50 mg, 0.23 mmol) in benzene (5 mL) was added Et3B 
(1.04 M in hexane, 1.1 mL, 1.14 mmol) under N2 atmosphere at reflux. After being stirred for 6 h, 
the reaction mixture was cooled to room temperature and acetic anhydride (0.11 mL, 1.14 mmol) 
was added. After being stirred for 0.5 h, the reaction mixture diluted with H2O and extracted with 
CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced pressure. The 
crude product was purified by PTLC (hexane : AcOEt = 1 : 1) to afford cis-4Aa (18.6 mg, 40%, 

























General Procedure for Preparation of 4-(Aryloxy)imino-2-butenoic Acid 
2,3,4,5,6-Pentafluorophenyl Ester [Table 6]. To a solution of (2E)-4-oxo-2-butenoic acid ethyl 
ester (1.0 g, 7.8 mmol) in pyridine (50 mL) was added O-arylhydroxylamine hydrochloride
 25)
 (9.4 
mmol) under N2 atmosphere at room temperature. After being stirred for 0.5 h, the reaction mixture 
was acidified with 10% HCl and extracted with Et2O. The organic phase was washed with saturated 
NaCl, dried over MgSO4 and concentrated under reduced pressure. The crude product was purified 
by flash column chromatography (hexane : AcOEt = 10 : 1) to afford the corresponding 
,-unsaturated oxime ether. To a solution of ,-unsaturated oxime ether in THF (60 mL) was 
added LiOH (10.0 eq.) in H2O (15 mL) at room temperature. After being stirred for 0.5 h, the 
reaction mixture was concentrated under reduced pressure, acidified with 10% HCl, and extracted 
with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced pressure to 
afford the corresponding carboxylic acid which was used directly for the next step. To a solution of 
carboxylic acid in CH2Cl2 (50 mL) were added C6F5OH (1.2 eq.), EDC•HCl (1.5 eq.), and DMAP 
(0.1 eq.) at room temperature. After being stirred for 2-3 h, the reaction mixture was diluted with 
H2O and extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under 
reduced pressure. The crude product was purified by flash column chromatography (hexane : 
AcOEt = 10 : 1) to afford 6B-G in yield shown in Table 6. 
 
(2E, 4E)-4-[(4-Trifluoromethylphenoxy)imino]-2-butenoic Acid 2,3,4,5,6-Pentafluorophenyl 





NMR (300 MHz, CDCl3) : 8.27 (1H, d, J = 10.0 Hz), 7.70 (1H, dd, J = 16.0, 10.0 Hz), 7.61 (2H, d, 
J = 8.5 Hz), 7.31 (2H, d, J = 8.5 Hz), 6.55 (1H, d, J = 16.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 
161.1, 160.9, 150.7, 142.8 (m), 141.4 (m), 140.3, 139.6 (m), 138.0 (m), 136.2 (m), 127.0 (q, J = 3.5 
Hz), 125.49, 125.48 (q, J = 32.5 Hz), 124.1 (q, J = 270.0 Hz), 114.5; ESI-HRMS m/z: calcd for 
C17H6O3NF8 [M - H]
+
 424.0214, found 424.0230. 
 
(2E, 4E)-4-[(4-Methylphenoxy)imino]-2-butenoic Acid 2,3,4,5,6-Pentafluorophenyl Ester (6C) 





(300 MHz, CDCl3) : 8.21 (1H, d, J = 10.0 Hz), 7.69 (1H, dd, J = 16.0, 10.0 Hz), 7.16-7.08 (4H, m), 
6.47 (1H, d, J = 16.0 Hz), 2.33 (3H, s); 
13
C NMR (75 MHz, CDCl3) : 161.3, 156.7, 149.4, 142.9 
(m), 141.5 (m), 141.2, 139.6 (m), 138.0 (m), 136.2 (m), 133.0, 129.9, 124.1, 114.6, 20.6; 
ESI-HRMS m/z: calcd for C17H11O3NF5 [M + H]
+





(2E, 4E)-4-[(4-Bromophenoxy)imino]-2-butenoic Acid 2,3,4,5,6-Pentafluorophenyl Ester (6D) 





(300 MHz, CDCl3) : 8.23 (1H, d, J = 10.0 Hz), 7.68 (1H, dd, J = 16.0, 10.0 Hz), 7.45 (2H, d, J = 
8.5 Hz), 7.10 (2H, d, J = 8.5 Hz), 6.51 (1H, d, J = 16.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 161.1, 
157.7, 150.1, 142.8 (m), 141.4 (m), 140.6, 139.5 (m), 138.0 (m), 136.2 (m), 132.4, 124.9, 116.3, 
115.8; ESI-HRMS m/z: calcd for C16H6O3N
79
BrF5 [M - H]
+
 433.9446, found 433.9460. 
 
(2E, 4E)-4-[(2-Trifluoromethylphenoxy)imino]-2-butenoic Acid 2,3,4,5,6-Pentafluorophenyl 





H NMR (300 MHz, CDCl3) : 8.34 (1H, d, J = 10.0 Hz), 7.69 (1H, dd, J = 16.0, 10.0 Hz), 
7.63-7.52 (3H, m), 7.17 (1H, dd, J = 8.0, 7.0 Hz), 6.56 (1H, d, J = 16.0 Hz); 
13
C NMR (75 MHz, 
CDCl3) : 161.1, 156.0 (d, J = 2.0 Hz), 151.3, 142.8 (m), 141.4 (m), 140.2, 139.6 (m), 138.0 (m), 
136.3 (m), 133.4, 126.7 (q, J = 5.0 Hz), 125.6, 124.7 (m), 123.2 (q, J = 271.0 Hz), 122.9, 117.3 (q, J 
= 32.0 Hz), 115.8; ESI-HRMS m/z: calcd for C17H6O3NF8 [M - H]
+
 424.0214, found 424.0230. 
 
(2E, 4E)-4-[(2-Methylphenoxy)imino]-2-butenoic Acid 2,3,4,5,6-Pentafluorophenyl Ester (6F) 




H NMR (300 
MHz, CDCl3) : 8.30 (1H, d, J = 10.0 Hz), 7.71 (1H, dd, J = 15.5, 10.0 Hz), 7.35 (1H, d, J = 8.5 
Hz), 7.27-7.17 (2H, m), 7.02 (1H, td, J = 8.5, 1.0 Hz), 6.49 (1H, d, J = 15.5 Hz), 2.29 (3H, s); 
13
C 
NMR (75 MHz, CDCl3) : 161.3, 156.7, 149.7, 142.9 (m), 141.3 (m), 141.1, 139.6 (m), 137.9 (m), 
136.2 (m), 130.9, 127.0, 125.0, 124.2, 123.4, 114.5, 15.8; ESI-HRMS m/z: calcd for C17H11O3NF5 
[M + H]
+
 372.0654, found 372.0646. 
 
(2E, 4E)-4-[(2-Bromophenoxy)imino]-2-butenoic Acid 2,3,4,5,6-Pentafluorophenyl Ester (6G) 




H NMR (300 
MHz, CDCl3) : 8.36 (1H, d, J = 10.0 Hz), 7.68 (1H, dd, J = 16.0, 10.0 Hz), 7.56 (1H, dd, J = 7.5, 
1.5 Hz), 7.45 (1H, dd, J = 8.0, 1.5 Hz), 7.31 (1H, ddd, J = 8.0, 7.5, 1.5 Hz), 6.98 (1H, ddd, J = 8.0, 
7.5, 1.5 Hz), 6.53 (1H, d, J = 16.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 161.1, 155.0, 150.9, 142.8 
(m), 141.4 (m), 140.4, 139.5 (m), 138.0 (m), 136.3 (m), 133.3, 128.6, 125.3, 124.6, 116.2, 109.3; 
ESI-HRMS m/z: calcd for C16H6O3N
79
BrF5 [M - H]
+
 433.9446, found 433.9462. 
 
General Procedure for Domino Reaction of Conjugated Oxime Ether with Ethyl Radical 
[Scheme 26]. To a solution of 6B-G (0.2 mmol) in benzene (5 mL) was added Et3B (1.04 M in 
hexane, 0.96 mL, 1.0 mmol) under N2 atmosphere at reflux. After being stirred for 1 h, the reaction 
mixture was diluted with H2O and extracted with CHCl3. The organic phase was dried over MgSO4 
and concentrated under reduced pressure. The crude product was purified by PTLC (hexane : 
81 
 
AcOEt = 1 : 2) to afford 4Ba-4Ga in yield shown in Scheme 26. 
 
(3S,3aR,8aS)-rel-3-Ethyl-5-trifluoromethyl-1,3,3a,8a-tetrahydro-2H-benzofuro[2,3-b]pyrrol-2-





NMR (300 MHz, CDCl3) : 7.75 (1H, br s), 7.45 (1H, d, J = 8.5 Hz), 7.39 (1H, s), 6.86 (1H, d, J = 
8.5 Hz), 6.20 (1H, d, J = 7.5 Hz), 3.86 (1H, dd, J = 7.5, 3.0 Hz), 2.57-2.51 (1H, m), 2.06-1.93 (1H, 
m), 1.76-1.61 (1H, m), 1.15 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3) : 179.1, 160.4 (d, J = 
1.0 Hz), 129.5, 127.1 (q, J = 4.0 Hz), 124.2 (q, J = 270.0 Hz), 124.1 (q, J = 32.0 Hz), 122.0 (q, J = 
4.0 Hz), 110.5, 92.0, 50.0, 46.6, 25.2, 11.4; ESI-HRMS m/z: calcd for C13H13O2NF3 [M + H]
+
 
272.0893, found 272.0888. 
 
(3S,3aS,8aR)-rel-3-Ethyl-5-trifluoromethyl-1,3,3a,8a-tetrahydro-2H-benzofuro[2,3-b]pyrrol-2-





NMR (300 MHz, CDCl3) : 7.49 (1H, d, J = 8.5 Hz), 7.46 (1H, s), 7.10 (1H, br s), 6.89 (1H, d, J = 
8.5 Hz), 6.20 (1H, d, J = 7.0 Hz), 4.30 (1H, dd, J = 9.0, 7.0 Hz), 2.75 (1H, td, J = 9.0, 5.5 Hz), 
1.88-1.74 (1H, m), 1.69-1.54 (1H, m), 1.12 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3) : 177.6, 
161.1, 127.3 (q, J = 4.0 Hz), 125.5, 124.2 (q, J = 270.0 Hz), 123.7 (q, J = 32.0 Hz), 123.7 (q, J = 3.5 











(300 MHz, CDCl3) : 6.98-6.95 (3H, m), 6.69 (1H, d, J = 8.5 Hz), 6.08 (1H, d, J = 7.5 Hz), 3.79 
(1H, dd, J = 7.5, 3.0 Hz), 2.54-2.49 (1H, m), 2.29 (3H, s), 2.02-1.90 (1H, m), 1.73-1.58 (1H, m), 
1.14 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3) :178.9, 155.5, 131.1, 129.6, 128.5, 125.0, 











(300 MHz, CDCl3) : 7.01-6.97 (3H, m), 6.70 (1H, d, J = 8.0 Hz), 6.07 (1H, d, J = 7.0 Hz), 4.21 
(1H, dd, J = 9.0, 7.0 Hz), 2.69 (1H, td, J = 9.0, 5.0 Hz), 2.29 (3H, s) 1.90-1.76 (1H, m), 1.74-1.59 
(1H, m), 1.13 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3): 177.9, 156.2, 130.4, 129.7, 126.9, 
124.4, 110.0, 90.0, 45.4, 45.3, 20.9, 20.1, 12.8; ESI-HRMS m/z: calcd for C13H16O2N [M + H]
+
 










(300 MHz, CDCl3): 7.28 (1H, d, J = 8.5 Hz), 7.26 (1H, s), 6.70 (1H, d, J = 8.5 Hz), 6.42 (1H, br s), 
6.12 (1H, d, J = 7.5 Hz), 3.84 (1H, dd, J = 7.5, 3.0 Hz), 2.53-2.48 (1H, m), 2.04-1.90 (1H, m), 
1.73-1.57 (1H, m), 1.14 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3): 178.5, 156.9, 132.1, 





 282.0124, found 282.0119. 
 
(3S,3aS,8aR)-rel-5-Bromo-3-ethyl-1,3,3a,8a-tetrahydro-2H-benzofuro[2,3-b]pyrrol-2-one 





(300 MHz, CDCl3): 7.32-7.29 (2H, m), 6.96 (1H, br s), 6.71 (1H, dd, J = 9.0 Hz), 6.12 (1H, d, J = 
7.5 Hz), 4.25 (1H, dd, J = 9.0, 7.5 Hz), 2.71 (1H, td, J = 9.0, 5.0 Hz), 1.90-1.56 (2H, m), 1.12 (3H, t, 
J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3): 177.4, 157.6, 132.3, 129.3, 126.9, 113.0, 112.1, 90.5, 
45.3, 45.1, 20.3, 12.8; ESI-HRMS m/z: calcd for C12H13O2N
79
Br [M + H]
+









NMR (300 MHz, CDCl3) : 7.42 (1H, d, J = 8.0 Hz), 7.33 (1H, d, J = 7.5 Hz), 7.01 (1H, dd, J = 8.0, 
7.5 Hz), 6.65 (1H, br s), 6.25 (1H, dd, J = 7.5, 1.5 Hz), 3.87 (1H, dd, J = 7.5, 3.0 Hz), 2.52 (1H, m), 
2.07-1.93 (1H, m), 1.76-1.63 (1H, m), 1.15 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3): 178.4, 
155.0 (d, J = 2.5 Hz), 130.8, 128.2, 126.1 (q, J = 4.5 Hz), 123.1 (q, J = 270.5 Hz), 121.5, 113.6 (q, J 











NMR (300 MHz, CDCl3): 7.45 (1H, d, J = 8.0 Hz), 7.40 (1H, d, J = 7.5 Hz), 7.01 (1H, dd, J = 8.0, 
7.5 Hz), 6.48 (1H, br s), 6.25 (1H, d, J = 7.0 Hz), 4.31 (1H, dd, J = 9.0, 7.0 Hz), 2.75 (1H, td, J = 
9.0, 5.0 Hz), 1.87-1.76 (1H, m), 1.69-1.54 (1H, m), 1.13 (1H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, 
CDCl3): 177.1, 155.6, 130.1, 126.8, 126.3 (q, J = 4.5 Hz), 123.1 (q, J = 270.0 Hz), 121.0, 113.8 (q, 
J = 33.0 Hz), 91.2, 45.0, 44.7, 20.3, 12.7; ESI-HRMS m/z: calcd for C13H13O2NF3 [M + H]
+
 
272.0893, found 272.0888. 
 
(3S,3aR,8aS)-rel-3-Ethyl-1,3,3a,8a-tetrahydro-7-methyl-2H-benzofuro[2,3-b]pyrrol-2-one 







NMR (300 MHz, CDCl3) : 7.01-6.98 (2H, m), 6.87 (1H, br s), 6.84 (1H, dd, J = 8.0, 7.0 Hz), 6.10 
(1H, d, J = 7.0 Hz), 3.84 (1H, dd, J = 7.0, 3.0 Hz), 2.54-2.49 (1H, m), 2.20 (3H, s), 2.05-1.91 (1H, 
m), 1.73-1.58 (1H, m), 1.14 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3): 178.9, 156.1, 130.3, 
127.8, 121.8, 121.6, 120.6, 90.4, 50.2, 47.6, 25.3, 15.2, 11.5; ESI-HRMS m/z: calcd for C13H16O2N 
[M + H]
+
 218.1176, found 218.1170. 
 
(3S,3aS,8aR)-rel-3-Ethyl-1,3,3a,8a-tetrahydro-7-methyl-2H-benzofuro[2,3-b]pyrrol-2-one 





(300 MHz, CDCl3): 7.05 (1H, d, J = 7.5 Hz), 7.02 (1H, d, J = 8.0 Hz), 6.82 (1H, dd, J = 8.0, 7.5 
Hz), 6.74 (1H, br s), 6.10 (1H, d, J = 7.0 Hz), 4.27 (1H, dd, J = 9.0, 7.0 Hz), 2.70 (1H, td, J = 9.0, 
5.0 Hz), 2.19 (3H, s), 1.90-1.58 (2H, m), 1.12 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3): 
177.7, 156.7, 130.5, 123.8, 123.6, 121.0, 120.7, 89.5, 45.6, 45.4, 20.1, 15.2, 12.9; ESI-HRMS m/z: 
calcd for C13H16O2N [M + H]
+
 218.1176, found 218.1178. 
 
(3S,3aR,8aS)-rel-7-Bromo-3-ethyl-1,3,3a,8a-tetrahydro-2H-benzofuro[2,3-b]pyrrol-2-one 





(300 MHz, CDCl3) : 7.34 (1H, d, J = 8.0 Hz), 7.09 (1H, d, J = 7.5 Hz), 7.00 (1H, br s), 6.82 (1H, 
dd, J = 8.0, 7.5 Hz), 6.20 (1H, d, J = 7.5 Hz), 3.92 (1H, dd, J = 7.5, 2.5 Hz), 2.54-2.49 (1H, m), 
2.05-1.91 (1H, m), 1.74-1.59 (1H, m), 1.14 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3): 178.9, 
155.6, 132.7, 130.4, 124.0, 123.5, 103.8, 91.5, 50.4, 48.5, 25.7, 11.9; ESI-HRMS m/z: calcd for 
C12H13O2N
79
Br [M + H]
+
 282.0124, found 282.0119. 
 
(3S,3aS,8aR)-rel-7-Bromo-3-ethyl-1,3,3a,8a-tetrahydro-2H-benzofuro[2,3-b]pyrrol-2-one 





NMR (300 MHz, CDCl3): 7.37 (1H, d, J = 8.0 Hz), 7.16 (1H, d, J = 8.0 Hz), 6.82 (1H, t, J = 8.0 
Hz), 6.45 (1H, br s), 6.21 (1H, d, J = 7.0 Hz), 4.37 (1H, dd, J = 9.0, 7.0 Hz), 2.73 (1H, td, J = 9.0, 
5.5 Hz), 1.89-1.75 (1H, m), 1.70-1.55 (1H, m), 1.12 (1H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, 
CDCl3): 177.1, 155.7, 132.5, 125.9, 125.4, 122.5, 103.6, 90.2, 46.2, 45.1, 20.2, 12.8; ESI-HRMS 
m/z: calcd for C12H13O2N
79
Br [M + H]
+












General Procedure for Domino Reaction of Conjugated Oxime Ether with Alkyl Iodides 
[Table 7, entries 1-3]. To a solution of 6A (0.2 mmol) in benzene (5 mL) were added RI (12.0 
mmol) and Et3B (1.04 M in hexane, 0.96 mL, 1.0 mmol) under N2 atmosphere at reflux. After being 
stirred for 1 h, the reaction mixture was diluted with H2O and extracted with CHCl3. The organic 
phase was dried over MgSO4 and concentrated under reduced pressure. The crude product was 
purified by PTLC (hexane : AcOEt = 1 : 2) to afford 4Ab-4Ad in yield shown in Table 7. 
 
(3S,3aR,8aS)-rel-1,2,3a,8a-Tetrahydro-2-oxo-3H-benzofuro[2,3-b]pyrrole-3-acetic Acid Ethyl 





H NMR (300 MHz, CDCl3) : 7.35 (1H, d, J = 7.0 Hz), 7.19 (1H, t, J = 7.5 Hz), 7.10 
(1H, br s), 6.94 (1H, t, J = 7.5 Hz), 6.81 (1H, d, J = 7.5 Hz), 6.15 (1H, d, J = 7.0 Hz), 4.23 (2H, q, J 
= 7.0 Hz), 3.96 (1H, dd, J = 7.0, 3.0 Hz), 3.00-2.90 (2H, m), 2.76-2.66 (1H, m), 1.31 (3H, t, J = 7.0 
Hz); 
13
C NMR (75 MHz, CDCl3) : 177.5, 171.4, 157.6, 129.4, 128.1, 125.0, 121.8, 110.3, 90.8, 
61.1, 47.6, 45.0, 36.0, 14.2; ESI-HRMS m/z: calcd for C14H16O4N [M + H]
+
 262.1074, found 
262.1081. 
 
(3S,3aS,8aR)-rel-1,2,3a,8a-Tetrahydro-2-oxo-3H-benzofuro[2,3-b]pyrrole-3-acetic Acid Ethyl 





H NMR (300 MHz, CDCl3) : 7.20 (1H, t, J = 8.0 Hz), 7.04 (1H, d, J = 7.5 Hz), 
6.89 (1H, t, J = 7.5 Hz), 6.82 (1H, d, J = 8.0 Hz), 6.79 (1H, br s), 6.17 (1H, d, J = 7.0 Hz), 4.43 (1H, 
dd, J = 9.5, 7.0 Hz), 4.20 (2H, q, J = 7.0 Hz), 3.34 (1H, ddd, J = 10.5, 9.5, 3.5 Hz), 2.92 (1H, dd, J = 
18.0, 3.5 Hz), 2.48 (1H, dd, J = 18.0, 10.5 Hz), 1.29 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, 
CDCl3): 176.9, 172.2, 158.3, 129.5, 126.1, 123.9, 121.1, 110.5, 90.3, 61.0, 44.9, 40.3, 32.3, 14.1; 
ESI-HRMS m/z: calcd for C14H16O4N [M + H]
+
 262.1074, found 262.1069. 
 
(3S,3aR,8aS)-rel-1,3,3a,8a-Tetrahydro-3-(1-methylethyl)-2H-benzofuro[2,3-b]pyrrol-2-one 




H NMR (300 MHz, CDCl3) : 7.17 (1H, dd, J = 8.0, 7.5 Hz), 7.12 (1H, d, J = 7.5 Hz), 7.00 (1H, br 
s), 6.93 (1H, dd, J = 8.0, 7.5 Hz), 6.80 (1H, d, J = 8.0 Hz), 6.06 (1H, d, J = 7.5 Hz), 3.87 (1H, dd, J 
= 7.5, 3.0 Hz), 2.56 (1H, dd, J = 4.0, 3.0 Hz), 2.39-2.28 (1H, m), 1.18 (3H, d, J = 7.0 Hz), 0.97 (3H, 
d, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 178.3, 157.6, 129.1, 128.8, 124.5, 121.7, 110.4, 90.9, 
55.1, 43.6, 29.1, 20.7, 17.6; ESI-HRMS m/z: calcd for C13H16O2N [M + H]
+










H NMR (500 MHz, CDCl3) : 7.25 (1H, d, J = 7.5 Hz), 7.20 (1H, dd, J = 8.0, 7.5 Hz), 6.92 (1H, dd, 
J = 8.0, 7.5 Hz), 6.80 (1H, d, J = 8.0 Hz), 6.34 (1H, br s), 6.07 (1H, dd, J = 7.5, 1.5 Hz), 4.25 (1H, 
dd, J = 10.0, 7.5 Hz), 2.66 (1H, dd, J = 10.0, 5.0 Hz), 2.11-2.05 (1H, m), 1.22 (3H, d, J = 6.5 Hz), 
0.71 (3H, d, J = 6.5 Hz); 
13
C NMR (125 MHz, CDCl3) : 177.2, 158.9, 129.4, 126.4, 124.8, 121.1, 










H NMR (300 MHz, CDCl3): 7.19-7.12 (3H, m), 6.92 (1H, t, J = 7.5 Hz), 6.80 (1H, d, J = 8.0 Hz), 
6.08 (1H, d, J = 7.5 Hz), 3.85 (1H, dd, J = 7.5, 2.5 Hz), 2.63 (1H, dd, J = 6.5, 2.5 Hz), 2.37-2.24 
(1H, m), 2.03-1.43 (7H, m), 1.34-1.22 (1H, m); 
13
C NMR (75 MHz, CDCl3): 178.4, 157.6, 129.2, 
128.6, 124.6, 121.7, 110.4, 90.8, 52.2, 45.8, 41.9, 30.5, 29.3, 25.2, 25.0; ESI-HRMS m/z: calcd for 
C15H18O2N [M + H]
+
 244.1332, found 244.1328. 
 
(3S,3aS,8aR)-rel-3-Cyclopentyl-1,3,3a,8a-tetrahydro-2H-benzofuro[2,3-b]pyrrol-2-one 




H NMR (300 MHz, CDCl3) : 7.26 (1H, d, J = 7.5 Hz), 7.20 (1H, dd, J = 8.0, 7.5 Hz), 6.91 (1H, dd, 
J = 8.0, 7.5 Hz), 6.81 (1H, d, J = 8.0 Hz), 6.55 (1H, br s), 6.06 (1H, d, J = 7.5 Hz), 4.22 (1H, dd, J = 
9.0, 7.5 Hz), 2.81 (1H, dd, J = 9.0, 7.0 Hz), 2.20-2.09 (1H, m), 1.99-1.89 (1H, m), 1.83-1.22 (7H, 
m); 
13
C NMR (75 MHz, CDCl3) : 177.3, 158.7, 129.4, 126.5, 125.1, 121.1, 110.3, 89.7, 47.2, 46.2, 
38.1, 32.7, 29.1, 25.7, 24.8; ESI-HRMS m/z: calcd for C15H18O2N [M + H]
+
 244.1332, found 
244.1329. 
 
Domino Reaction of 6A with tert-Butyl Iodide [Table 7, entry 4]. To a solution of 6A (70 mg, 0.2 
mmol) in benzene (5 mL) were added tBuI (1.4 mL, 12.0 mmol) and Et3B (1.04 M in hexane, 0.96 
mmol) under N2 atmosphere at reflux. After being stirred for 0.5 h, the reaction mixture was diluted 
with H2O and extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated 
under reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 1 : 2) to afford 
exo-4Ae (30.6 mg, 66%) and 76 (5.7 mg, 12%). 
 
(3S,3aR,8aS)-rel-1,3,3a,8a-Tetrahydro-3-(1,1-dimethylethyl)-2H-benzofuro[2,3-b]pyrrol-2-one 




H NMR (500 MHz, CDCl3) : 7.17 (1H, dd, J = 8.0, 7.5 Hz), 7.13 (1H, d, J = 7.5 Hz), 6.94 (1H, dd, 
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J = 8.0, 7.5 Hz), 6.80 (1H, d, J = 8.0 Hz), 6.52 (1H, br s), 6.03 (1H, d, J = 7.0 Hz), 3.97 (1H, dd, J = 
7.0, 2.5 Hz), 2.36 (1H, d, J = 2.5 Hz), 1.15 ppm (9H, s); 
13
C NMR (125 MHz, CDCl3) : 177.2, 
157.5, 129.2, 128.9, 124.6, 121.8, 110.4, 90.3, 58.9, 45.3, 33.4, 27.6 (3C); ESI-HRMS m/z: calcd for 
C14H18O2N [M + H]
+
 232.1332, found 232.1324. 
 
3-(1,1-Dimethylethyl)-4-(2-hydroxyphenyl)-1,5-dihydro-2H-pyrrol-2-one (76) [entry 4]. White 




H NMR (500 MHz, 
DMSO-d6) : 9.49 (1H, br s), 8.13 (1H, br s), 7.15-7.11 (1H, m), 7.04 (1H, dd, J = 8.0, 2.0 Hz), 6.83 
(1H, dd, J = 8.0, 1.0 Hz), 6.78 (1H, td, J = 7.5, 1.0 Hz), 3.74 (2H, br s), 1.08 (9H, s); 
13
C NMR (125 
MHz, DMSO-d6) : 173.6, 154.0, 146.7, 139.4, 129.6, 128.9, 124.2, 118.4, 115.1, 49.4, 33.1, 28.9 
(3C); ESI-HRMS m/z: calcd for C14H18O2N [M + H]
+
 232.1332, found 232.1334. 
 
Conversion of exo-4Ae into 76 [Scheme 27]. To a solution of exo-4Ae (24 mg, 0.1 mmol) in 
benzene (5 mL) were added tBuI (0.74 mL, 6.2 mmol) and Et3B (1.04 M in hexane, 0.5 mL, 0.52 
mmol) under N2 atmosphere at reflux. After being stirred for 0.5 h, the reaction mixture was diluted 
with 10% Na2S2O3 solution and extracted with CHCl3. The organic phase was dried over MgSO4 
and concentrated under reduced pressure. The crude product was purified by PTLC (hexane : 
AcOEt = 1 : 3) to afford 76 (20.8 mg, 90%). 
 
Domino Reaction of 6A with tert-Butyl Iodide in the Presence of Na2S2O3 [Scheme 28]. To a 
solution of 6A (70 mg, 0.2 mmol) and Na2S2O3 (0.11 g, 0.7 mmol) in benzene (5 mL) were added 
tBuI (1.4 mL, 12.0 mmol) and Et3B (1.04 M in hexane, 0.96 mL, 1.0 mmol) under N2 atmosphere at 
reflux. After being stirred for 0.5 h, the reaction mixture was diluted with 10% Na2S2O3 solution and 
extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by PTLC (hexane : AcOEt = 1 : 2) to afford exo-4Ae (45.4 
mg, 98%). 
 
(2E, 4E)-4-[(3-Trifluoromethylphenoxy)imino]-2-butenoic Acid 2,3,4,5,6-Pentafluorophenyl 
Ester (6H) [Scheme 29]. According to the general procedure described in Table 6, 6H was obtained 




H NMR (300 MHz, 
CDCl3) : 8.26 (1H, d, J = 10.0 Hz), 7.71 (1H, dd, J = 16.0, 10.0 Hz), 7.51 (1H, br s), 7.46 (1H, d, J 
= 7.5 Hz), 7.40-7.35 (2H, m), 6.54 (1H, d, J = 16.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 161.1, 158.7, 
150.5, 142.9 (m), 141.4 (m), 140.3, 139.6 (m), 138.0 (m), 136.2 (m), 132.0 (q, J = 32.5 Hz), 130.0, 
125.3, 124.8 (m), 123.8 (q, J = 271.0 Hz), 120.0 (q, J = 4.0 Hz), 117.8, 111.5 (q, J = 4.0 Hz); 
ESI-HRMS m/z: calcd for C17H6O3NF8 [M - H]
+




General Procedure for Domino Reaction of Conjugated Oxime Ether with tert-Butyl Iodide 
[Scheme 30]. To a solution of 6B-F, H (0.2 mmol) and Na2S2O3 (0.11 g, 0.7 mmol) in benzene (5 
mL) were added tBuI (1.4 mL, 12.0 mmol) and Et3B (1.04 M in hexane, 0.96 mL, 1.0 mmol) under 
N2 atmosphere at reflux. After being stirred for 0.5 h, the reaction mixture was diluted with 10% 
Na2S2O3 solution and extracted with CHCl3. The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 
1 : 2) to afford exo-4Be-Fe, He in yield shown in Scheme 30. 
 
(3S,3aR,8aS)-rel-5-Trifluoromethyl-1,3,3a,8a-tetrahydro-3-(1,1-dimethylethyl)-2H-benzofuro[





H NMR (300 MHz, CDCl3):  = 7.46 (1H, d, J = 8.5 Hz), 7.35 (1H, s), 6.88 (1H, br s), 
6.87 (1H, d, J = 8.5 Hz), 6.12 (1H, d, J = 7.0 Hz), 3.99 (1H, dd, J = 7.0, 2.5 Hz), 2.36 (1H, d, J = 
2.5 Hz), 1.16 (9H, s); 
13
C NMR (75 MHz, CDCl3):  = 177.0, 160.3, 129.9, 127.1 (q, J = 4.0 Hz), 
124.3 (q, J = 32.5 Hz), 124.2 (q, J = 270.0 Hz), 122.0 (q, J = 4.0 Hz), 110.5, 91.4, 58.7, 44.7, 33.5, 
27.5 (3C); ESI-HRMS m/z: calcd for C15H17O2NF3 [M + H]
+
 300.1206, found 300.1206. 
 
(3S,3aR,8aS)-rel-1,3,3a,8a-Tetrahydro-5-methyl-3-(1,1-dimethylethyl)-2H-benzofuro[2,3-b]pyr




H NMR (300 MHz, CDCl3):  = 6.95 (1H, d, J = 8.0 Hz), 6.91 (1H, s), 6.86 (1H, br s), 6.68 (1H, d, 
J = 8.0 Hz), 6.00 (1H, d, J = 7.0 Hz), 3.91 (1H, dd, J = 7.0, 2.5 Hz), 2.35 (1H, d, J = 2.5 Hz), 2.29 
(3H, s), 1.15 (9H, s); 
13
C NMR (75 MHz, CDCl3):  = 177.4, 155.3, 131.1, 129.5, 128.8, 125.0, 
109.9, 90.5, 58.9, 45.2, 33.4, 27.6 (3C), 20.8; ESI-HRMS m/z: calcd for C15H20O2N [M + H]
+
 
246.1489, found 246.1492. 
 
(3S,3aR,8aS)-rel-5-Bromo-1,3,3a,8a-tetrahydro-3-(1,1-dimethylethyl)-2H-benzofuro[2,3-b]pyr




H NMR (300 MHz, CDCl3):  = 7.26 (1H, dd, J = 8.5, 2.0 Hz), 7.21 (1H, s), 7.12 (1H, br s), 6.67 
(1H, d, J = 8.5 Hz), 6.04 (1H, d, J = 7.5 Hz), 3.93 (1H, dd, J = 7.5, 2.5 Hz), 2.33 (1H, d, J = 2.5 Hz), 
1.14 (9H, s); 
13
C NMR (75 MHz, CDCl3):  = 177.2, 156.8, 132.0, 131.4, 127.5, 113.4, 112.0, 91.1, 
58.7, 45.0, 33.4, 27.5 (3C); ESI-HRMS m/z: calcd for C14H17O2N
79
Br [M + H]
+









H NMR (300 MHz, CDCl3):  = 7.41 (1H, d, J = 8.0 Hz), 7.30 (1H, d, J = 7.5 Hz), 7.01 
(1H, dd, J = 8.0, 7.5 Hz), 6.66 (1H, br s), 6.17 (1H, d, J = 7.0 Hz), 3.99 (1H, dd, J = 7.0, 3.0 Hz), 
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2.35 (1H, d, J = 3.0 Hz), 1.16 (9H, s); 
13
C NMR (75 MHz, CDCl3):  = 176.7, 154.8, 131.2, 128.2, 
126.0 (q, J = 4.5 Hz), 123.1 (q, J = 270.0 Hz), 121.5, 113.6 (q, J = 33.0 Hz), 91.7, 58.7, 44.5, 33.5, 
27.5 (3C); ESI-HRMS m/z: calcd for C15H17O2NF3 [M + H]
+
 300.1206, found 300.1204. 
 
(3S,3aR,8aS)-rel-1,3,3a,8a-Tetrahydro-7-methyl-3-(1,1-dimethylethyl)-2H-benzofuro[2,3-b]pyr




H NMR (300 MHz, CDCl3):  = 6.99-6.94 (3H, m), 6.83 (1H, t, J = 7.5 Hz), 6.01 (1H, d, J = 7.0 
Hz), 3.94 (1H, dd, J = 7.0, 2.5 Hz), 2.34 (1H, d, J = 2.5 Hz), 2.19 (3H, s), 1.14 (9H, s); 
13
C NMR 
(75 MHz, CDCl3):  = 177.6, 155.9, 130.2, 128.1, 121.8, 121.6, 120.5, 90.1, 59.0, 45.4, 33.3, 27.6 
(3C), 15.1; ESI-HRMS m/z: calcd for C15H20O2N [M + H]
+
 246.1489, found 246.1490. 
 
(3S,3aR,8aS)-rel-4-(Trifluoromethyl)-1,3,3a,8a-tetrahydro-3-(1,1-dimethylethyl)-2H-benzofuro





H NMR (300 MHz, CDCl3):  = 7.31 (1H, dd, J = 8.0, 7.5 Hz), 7.23 (1H, d, J = 7.5 Hz), 
7.02 (1H, d, J = 8.0 Hz), 6.66 (1H, br s), 6.09 (1H, d, J = 6.5 Hz), 4.18 (1H, d, J = 6.5 Hz), 2.71 (1H, 
s), 1.13 (9H, s); 
13
C NMR (75 MHz, CDCl3):  = 176.8, 158.6, 129.8, 127.8 (q, J = 32.5 Hz), 125.7, 
123.6 (q, J = 271.0 Hz), 119.3 (q, J = 5.0 Hz), 114.6, 90.9, 56.9, 46.4, 33.7, 27.7 (3C); ESI-HRMS 
m/z: calcd for C15H17O2NF3 [M + H]
+
 300.1206, found 300.1199. 
 
(3S,3aR,8aS)-rel-6-(Trifluoromethyl)-1,3,3a,8a-tetrahydro-3-(1,1-dimethylethyl)-2H-benzofuro





H NMR (300 MHz, CDCl3):  = 7.21 (2H, m), 7.08 (1H, br s), 7.03 (1H, s), 6.11 (1H, d, 
J = 7.0 Hz), 3.99 (1H, dd, J = 7.0, 3.0 Hz), 2.35 (1H, d, J = 3.0 Hz), 1.16 (9H, s); 
13
C NMR (75 
MHz, CDCl3):  = 177.1, 157.9, 133.1 (d, J = 1.0 Hz), 131.7 (q, J = 32.0 Hz), 124.9, 123.8 (q, J = 
271.0 Hz), 118.8 (q, J = 4.0 Hz), 107.6 (q, J = 4.0 Hz), 91.2, 58.7, 44.9, 33.5, 27.5 (3C); ESI-HRMS 
m/z: calcd for C15H17O2NF3 [M + H]
+
















benzisothiazol-1(4H)-yl]-2-butenal 1-(O-Phenyloxime) (11) [Scheme 33]. To a solution of oxime 
ether 5A (1.0 g, 4.6 mmol) and (1R)-(+)-2,10-camphorsultam (1.0 g, 4.6 mmol) in (CH2Cl)2 (50 
mL) was slowly added dropwise Me3Al (1.05 M in hexane, 6.1 mL, 6.4 mmol) under N2 
atmosphere at 0 °C and then the reaction mixture was warmed up to reflux. After being stirred for 6 
h, the reaction mixture was diluted with 20% Rochelle salt aqueous solution and extracted with 
CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced pressure. The 
crude product was purified by flash column chromatography (hexane : AcOEt = 3 : 1) to afford 11 
(1.17 g, 66%,  2 : 1 mixture of 4E- and 4Z-isomers) as yellow crystals. Mp: 112-113 °C 




H NMR (300 MHz, CDCl3) : 8.20 (2/3H, d, J = 10.0 Hz), 
8.03 (1/3H, dd, J = 15.5, 10 Hz), 7.54 (2/3H, dd, J = 10.0, 7.0 Hz), 7.50 (1/3H, d, J = 10.0 Hz), 
7.36-6.99 (6H, m), 3.98 (1H, dd, J = 7.0, 5.0 Hz), 3.58-3.45 (2H, m), 2.17-2.14 (2H, m), 1.95-1.88 
(3H, m), 1.49-1.35 (2H, m), 1.19 (3H, s), 0.99 (3H, s); 
13
C NMR (75 MHz, CDCl3) : 163.1, 162.8, 
158.9, 158.8, 150.6, 147.3, 137.2, 130.0, 129.4, 129.3, 128.2, 127.6, 123.1, 123.0, 114.7 (2C), 65.3, 
65.2, 53.1, 48.7 (2C), 47.9 (2C), 44.6, 38.3 (2C), 32.8, 26.5, 20.8, 19.9; ESI-HRMS m/z: calcd for 
C20H25O4N2S [M + H]
+
 389.1530, found 389.1520. 
 
Diastereoselective Domino Reaction of 11 [Table 8, entry 1]. To a solution of 11 (78 mg, 0.2 
mmol) in benzene (5 mL) was added Et3B (1.04 M in hexane, 0.38 mL, 0.4 mmol) under N2 
atmosphere at room temperature. After being stirred for 1 h, Me3Al (1.05 M in hexane, 0.69 mL, 
0.72 mmol) was added dropwise and warmed up to reflux. After being stirred for 3 h, the reaction 
mixture was diluted with 20% Rochelle salt aqueous solution and extracted with CHCl3. The 
organic phase was dried over MgSO4 and concentrated under reduced pressure. The crude product 
was purified by PTLC (hexane : AcOEt = 1 : 2) to afford exo-4Aa (8.5 mg, 21%) and endo-4Aa 
(17.2 mg, 42%). 
 
[Table 8, entry 2]. To a solution of 11 (78 mg, 0.2 mmol) in toluene (5 mL) was added Et3B (1.04 
M in hexane, 0.38 mL, 0.4 mmol) under N2 atmosphere at 0 °C. After being stirred for 1 h, Me3Al 
(1.05 M in hexane, 0.69 mL, 0.72 mmol) was added dropwise and warmed up to reflux. After being 
stirred for 3 h, the reaction mixture was diluted with 20% Rochelle salt aqueous solution and 
extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by PTLC (hexane : AcOEt = 1 : 2) to afford exo-4Aa (2.3 




[Table 8, entry 3]. To a solution of 11 (78 mg, 0.2 mmol) in DMF (5 mL) was added Et3B (1.04 M 
in hexane, 0.38 mL, 0.4 mmol) under N2 atmosphere at -40 °C. After being stirred for 1 h, Me3Al 
(1.05 M in hexane, 0.69 mL, 0.72 mmol) was added dropwise and warmed up to 100 °C. After 
being stirred for 2 h, the reaction mixture was diluted with 20% Rochelle salt aqueous solution and 
extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by PTLC (hexane : AcOEt = 1 : 2) to afford exo-4Aa (6.2 
mg, 15%) and endo-4Aa (15.4 mg, 38%). 
 
[Table 8, entry 4]. To a solution of 11 (78 mg, 0.2 mmol) in MeCN (5 mL) was added Et3B (1.04 M 
in hexane, 0.38 mL, 0.4 mmol) under N2 atmosphere at -40 °C. After being stirred for 1 h, Me3Al 
(1.05 M in hexane, 0.69 mL, 0.72 mmol) was added dropwise and warmed up to reflux. After being 
stirred for 2 h, the reaction mixture was diluted with 20% Rochelle salt aqueous solution and 
extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by PTLC (hexane : AcOEt = 1 : 2) to afford exo-4Aa (7.8 





 = -114.0 (c = 1.00 in CHCl3, 93% ee); the enantiomeric purity was 
determined by HPLC analysis (Daicel CHIRALCEL OD-H, hexane : iPrOH = 80 : 20, flow rate = 
1.0 mL/min,  = 254 nm, retention times: 9.77 min [minor] and 12.86 min [major]). 
 
Determination of single-crystal structure by X-ray crystallography: the (3S, 3aS, 8aR)-4Aa was 
recrystallized from MeOH to give single crystals suitable for X-ray single crystallographic analysis.  
Crystal data for (3S, 3aS, 8aR)-4Aa: monoclinic, space group 2/m, a = 5.0702(3) Å, b = 7.4042(5) 
Å, c = 13.5228(9) Å,  = 95.941(9)°, V = 504.93(6) Å3, Final R Value 0.0242 for 3948 reflections. 
 
[Table 8, entry 5]. To a solution of 11 (78 mg, 0.2 mmol) in benzene (5 mL) was added Et3B (1.04 
M in hexane, 0.38 mL, 0.4 mmol) under N2 atmosphere at -78 °C. After being stirred for 2 h, Me3Al 
(1.05 M in hexane, 0.69 mL, 0.72 mmol) was added dropwise and warmed up to reflux. After being 
stirred for 5 h, the reaction mixture was diluted with 20% Rochelle salt aqueous solution and 
extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by PTLC (hexane : AcOEt = 1 : 2) to afford exo-4Aa (10.5 








(2E, 4E)-4-(2-Phenylhydrazono)-2-butenoic Acid Ethyl Ester (12G) [Scheme 38]. To a solution 
of (2E)-4-oxo-2-butenoic acid ethyl ester (1.0 g, 7.8 mmol) in pyridine (20 mL) was added 
phenylhydrazine hydrochloride (1.35 g, 9.4 mmol) at room temperature. After being stirred for 1.5 h, 
the reaction mixture was acidified with 10% HCl and extracted with Et2O. The organic phase was 
washed with saturated NaCl, dried over MgSO4 and concentrated under reduced pressure. The crude 
product was purified by flash column chromatography (hexane : AcOEt = 3 : 1) to afford 12G (1.25 





(300 MHz, CDCl3) : 8.00 (1H, br s), 7.49 (1H, dd, J = 14.5, 9.5 Hz), 7.40 (1H, d, J = 9.5 Hz), 7.43 
(1H, d, J = 9.5 Hz), 7.28 (2H, dd, J = 8.5, 7.5 Hz), 7.07 (2H, dd, J = 8.5, 1.0 Hz), 6.93 (1H, td, J = 
7.5, 1.0 Hz), 5.97 (1H, d, J = 14.5 Hz), 4.23 (2H, q, J = 7.0 Hz), 1.32 (3H, t, J = 7.0 Hz); 
13
C NMR 
(75 MHz, CDCl3) : 166.8, 143.1, 141.3, 135.5, 129.4, 121.32, 121.25, 113.1, 60.5, 14.3; 
ESI-HRMS m/z: calcd for C12H15O2N2 [M + H]
+
 219.1128, found 219.1130. 
 
(2E, 4E)-4-[2-(4-Chlorophenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12I) [Scheme 39]. 
According to the procedure described in Scheme 38, 12I was obtained in 85% yield as yellow solid. 




H NMR (300 MHz, 
CDCl3) : 8.03 (1H, br s), 7.50-7.41 (2H, m), 7.23 (2H, d, J = 9.0 Hz), 7.00 (2H, d, J = 9.0 Hz), 
6.03-5.94 (1H, m), 4.23 (2H, q, J = 7.0 Hz), 1.32 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 
166.7, 141.8, 141.0, 136.1, 129.3, 126.0, 122.0, 114.3, 60.6, 14.3; ESI-HRMS m/z: calcd for 
C12H14O2N2
35
Cl [M + H]
+
 253.0738, found 253.0737. 
 
(2E, 4E)-4-[2-(4-Methoxyphenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12A) [Scheme 39]. 
According to the procedure described in Scheme 38, 12A was obtained in 97% yield as yellow solid. 




H NMR (300 MHz, CDCl3) : 7.92 
(1H, br s), 7.48 (1H, dd, J = 15.0, 10.0 Hz), 7.40 (1H, d, J = 10.0 Hz), 7.01 (2H, d, J = 9.0 Hz), 6.86 
(2H, d, J = 9.0 Hz), 5.94 (1H, d, J = 15.0 Hz), 4.23 (2H, q, J = 7.0 Hz), 3.78 (3H, s), 1.31 (3H, t, J = 
7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 166.9, 154.6, 141.5, 137.1, 134.6, 120.3, 114.7, 114.3, 60.4, 
55.6, 14.3; ESI-HRMS m/z: calcd for C13H17O3N2 [M + H]
+
 249.1234, found 249.1233. 
 
Domino Reaction of 12A [Table 9, entry 2]. To a solution of 12A (50 mg, 0.2 mmol) in benzene (5 
mL) was added Et3B (1.04 M in hexane, 0.96 mL, 1.0 mmol) under N2 atmosphere at room 
temperature. After being stirred for 1 h, the reaction mixture was diluted with H2O and extracted 
with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced pressure. 
The crude product was purified by PTLC (hexane : AcOEt = 2 : 1) to afford 13Aa (8.4 mg, 16%). 
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H NMR (500 MHz, CDCl3) : 8.04 (1H, br s), 7.23 (1H, d, J = 9.0 Hz), 7.15 (1H, d, J = 
2.0 Hz), 7.11 (1H, d, J = 2.5 Hz), 6.85 (1H, dd, J = 9.0, 2.5 Hz), 4.20-4.08 (2H, m), 3.86 (3H, s), 
3.73 (1H, t, J = 7.5 Hz), 2.20-2.11 (1H, m), 1.97-1.86 (1H, m), 1.23 (3H, t, J = 7.0 Hz), 0.98 (3H, t, 
J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 174.7, 154.0, 131.3, 127.1, 122.7, 113.9, 112.4, 111.9, 





Attempted Hydrolysis of 12A [Scheme 40]. To a solution of 12A (1.0 g, 4.0 mmol) in THF (40 
mL) was added LiOH (0.97 g, 40 mmol) in H2O (10 mL) at 60 °C. After being stirred for 9 h, the 
reaction mixture was concentrated under reduced pressure, acidified with 10% HCl, and extracted 
with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced pressure to 
afford 2-(4-methoxyphenyl)-3-(2H)-pyridazinone 85 (0.67 g, 82%). The spectral data were identical 
with those reported in the literature.
31) 
 
[Table 10, entries 1, 3 and 4]. To a solution of 12A (50 mg, 0.2 mmol) in solvent (5 mL) as 
indicated in Table 10 was added Et3B (1.04 M in hexane, 0.96 mL, 1.0 mmol) under N2 atmosphere 
at reflux. After being stirred for 5-60 min, the reaction mixture was diluted with H2O and extracted 
with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced pressure. 
The crude product was purified by PTLC (hexane : AcOEt = 2 : 1) to afford 13Aa in the yields 
shown in Table 10. 
 
Domino Reaction of 12A in the Presence of Zinc Halides [Table 11, entries 3 and 4]. To a 
solution of 12A (50 mg, 0.2 mmol) and ZnX2 (0.6 mmol) in MeCN (5 mL) was added Et3B (1.04 M 
in hexane, 0.96 mL, 1.0 mmol) under N2 atmosphere at reflux. After being stirred for 1.5 or 7 h, the 
reaction mixture was diluted with 20% Rochelle salt solution and extracted with CHCl3. The 
organic phase was dried over MgSO4 and concentrated under reduced pressure. The crude product 
was purified by PTLC (hexane : AcOEt = 2 : 1) to afford 13Aa in the yields shown in Table 11. 
 
Domino Reaction of 12A in the Presence of Zinc Iodide [Table 11, entries 5-8]. To a solution of 
12A (50 mg, 0.2 mmol) and zinc iodide (0.02-0.6 mmol) in MeCN (5 mL) was added Et3B (1.04 M 
in hexane, 0.96 mL, 1.0 mmol) under N2 atmosphere at reflux. After being stirred for 0.5 h, the 
reaction mixture was diluted with 20% Rochelle salt solution and extracted with CHCl3. The 
organic phase was dried over MgSO4 and concentrated under reduced pressure. The crude product 






Preparation of Conjugated Hydrazones [Table 12]. 
General Procedure A (method A). To a solution of (2E)-4-oxo-2-butenoic acid ethyl ester (1.0 g, 
7.8 mmol) in pyridine (20 mL) was added N-arylhydrazine hydrochloride (8.2-9.4 mmol) at room 
temperature. After being stirred for 0.5-1.5 h, the reaction mixture was acidified with 10% HCl and 
extracted with Et2O. The organic phase was washed with saturated NaCl, dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by flash column 
chromatography (hexane : AcOEt = 3 : 1) or recrystallization (AcOEt/hexane) to afford conjugated 
hydrazones 12E, F, H, N-Q in the yields shown in Table 12. 
 
General Procedure B (method B). To a mixture of (2E)-4-oxo-2-butenoic acid ethyl ester (1.0 g, 
7.8 mmol) and sodium acetate (8.2-9.4 mmol) in EtOH (20 mL) was added N-arylhydrazine 
hydrochloride (8.2-9.4 mmol) at room temperature. After being stirred for 1-1.5 h, the reaction 
mixture was concentrated under reduced pressure, diluted with H2O and extracted with CHCl3. The 
organic phase was dried over MgSO4 and concentrated under reduced pressure. The crude product 
was purified by flash column chromatography (hexane : AcOEt = 3 : 1) or recrystallization 
(AcOEt/hexane) to afford conjugated hydrazones 12B-D in the yields shown in Table 12. 
 
(2E, 4E)-4-{2-[4-(Phenylmethoxy)phenyl]hydrazono}-2-butenoic Acid Ethyl Ester (12B) [entry 




H NMR (300 MHz, 
CDCl3) : 7.89 (1H, br s), 7.51-7.29 (7H, m), 7.01 (2H, d, J = 9.0 Hz), 6.92 (2H, d, J = 9.0 Hz), 
5.94 (1H, d, J = 14.5 Hz), 5.02 (2H, s), 4.23 (2H, q, J = 7.0 Hz), 1.31 (3H, t, J = 7.0 Hz); 
13
C NMR 
(75 MHz, CDCl3) : 166.9, 153.8, 141.4, 137.3, 137.1, 134.8, 128.5, 127.9, 127.5, 120.6, 115.9, 
114.3, 70.5, 60.4, 14.3; ESI-HRMS m/z: calcd for C19H21O3N2 [M + H]
+
 325.1547, found 325.1549. 
 
(2E, 4E)-4-{2-[(4-Acetylamino)phenyl]hydrazono}-2-butenoic Acid Ethyl Ester (12C) [entry 2]. 





(300 MHz, CD3OD) : 7.53 (1H, d, J = 10.0 Hz), 7.39 (2H, d, J = 9.0 Hz), 7.38 (1H, dd, J = 15.5, 
10.0 Hz), 7.02 (2H, d, J = 9.0 Hz), 5.94 (1H, d, J = 15.5 Hz), 4.19 (2H, q, J = 7.0 Hz), 2.08 (3H, s), 
1.29 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CD3OD) : 171.3, 168.9, 143.8, 142.2, 136.1, 133.1, 









(2E, 4E)-4-{2-[4-(Methylthio)phenyl]hydrazono}-2-butenoic Acid Ethyl Ester (12D) [entry 3]. 




H NMR (300 MHz, 
CDCl3) : 8.01 (1H, br s), 7.51-7.40 (2H, m), 7.26 (2H, d, J = 8.5 Hz), 7.02 (2H, d, J = 8.5 Hz), 
5.97 (1H, dd, J = 14.0, 1.0 Hz), 4.23 (2H, q, J = 7.0 Hz), 2.46 (3H, s), 1.32 (3H, t, J = 7.0 Hz); 
13
C 
NMR (75 MHz, CDCl3) : 166.7, 141.4, 141.1, 135.7, 129.7, 129.5, 121.5, 113.8, 60.5, 17.7, 14.3; 
ESI-HRMS m/z: calcd for C13H17O2N2S [M + H]
+
 265.1005, found 265.1004. 
 
(2E, 4E)-4-[2-(4-Methylphenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12E) [entry 4]. Yellow 




H NMR (300 MHz, CDCl3) : 
7.94 (1H, br s), 7.48 (1H, dd, J = 15.0, 9.5 Hz), 7.40 (1H, dd, J = 9.5, 1.0 Hz), 7.09 (2H, d, J = 8.5 
Hz), 6.97 (2H, d, J = 8.5 Hz), 5.95 (1H, d, J = 15.0 Hz), 4.23 (2H, q, J = 7.0 Hz), 2.29 (3H, s), 1.31 
(3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 166.9, 141.5, 140.8, 134.9, 130.7, 129.8, 120.6, 
113.1, 60.4, 20.6, 14.2; ESI-HRMS m/z: calcd for C13H17O2N2 [M + H]
+
 233.1285, found 233.1287. 
 
(2E, 4E)-4-{2-[4-(1,1-Dimethylethyl)phenyl]hydrazono}-2-butenoic Acid Ethyl Ester (12F) 





(300 MHz, CDCl3) : 7.95 (1H, br s), 7.49 (1H, dd, J = 15.0, 9.5 Hz), 7.41 (1H, d, J = 9.5 Hz), 7.31 
(2H, d, J = 9.0 Hz), 7.01 (2H, d, J = 9.0 Hz), 5.95 (1H, d, J = 15.0 Hz), 4.23 (2H, q, J = 7.0 Hz), 
1.32 (3H, t, J = 7.0 Hz), 1.30 (9H, s); 
13
C NMR (75 MHz, CDCl3) : 166.9, 144.3, 141.6, 140.8, 
135.0, 126.1, 120.6, 112.9, 60.4, 34.1, 31.4, 14.3; ESI-HRMS m/z: calcd for C16H23O2N2 [M + H]
+
 
275.1754, found 275.1756. 
 
(2E, 4E)-4-[2-(4-Fluorophenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12H) [entry 6]. Yellow 




H NMR (300 MHz, CDCl3) : 
7.96 (1H, br s), 7.51-7.41 (2H, m), 7.05-6.95 (4H, m), 6.02-5.93 (1H, m), 4.23 (2H, q, J = 7.0 Hz), 
1.32 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 166.9, 157.9 (d, J = 238.0 Hz), 141.3, 139.5, 
135.5, 121.3, 116.0 (d, J = 22.5 Hz), 114.2 (d, J = 7.5 Hz), 60.5, 14.2; ESI-HRMS m/z: calcd for 
C12H14O2N2F [M + H]
+
 237.1034, found 237.1033. 
 
(2E, 4E)-4-[2-(1-Naphthalenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12N) [entry 7]. Yellow 




H NMR (300 MHz, CDCl3) : 
8.54 (1H, br s), 7.88-7.78 (2H, m), 7.67 (1H, d, J = 9.5 Hz), 7.59-7.42 (6H, m), 6.05 (1H, d, J = 
15.5 Hz), 4.25 (2H, q, J = 7.0 Hz), 1.33 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 166.7, 
141.1, 137.8, 137.5, 134.1, 128.9, 126.5, 125.9, 125.5, 122.2, 121.9, 121.5, 119.0, 109.4, 60.6, 14.3; 
ESI-HRMS m/z: calcd for C16H17O2N2 [M + H]
+




(2E, 4E)-4-[2-(2-Naphthalenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12O) [entry 8]. Yellow 




H NMR (300 MHz, CDCl3) : 
8.12 (1H, br s), 7.78-7.71 (3H, m), 7.58-7.40 (4H, m), 7.34-7.28 (2H, m), 6.01 (1H, d, J = 14.5 Hz), 
4.25 (2H, q, J = 7.0 Hz), 1.33 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 166.7, 141.1, 140.7, 
136.0, 134.4, 129.5, 129.4, 127.8, 126.72, 126.71, 123.6, 121.7, 115.1, 107.9, 60.5, 14.3; 
ESI-HRMS m/z: calcd for C16H17O2N2 [M + H]
+
 269.1285, found 269.1283. 
 
(2E, 4E)-4-[2-(2-Methoxylphenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12P) [entry 9]. 




H NMR (300 MHz, 
CDCl3) : 8.43 (1H, br s), 7.54-7.42 (3H, m), 6.99-6.83 (3H, m), 6.01-5.93 (1H, m), 4.23 (2H, q, J = 
7.0 Hz), 3.87 (3H, s), 1.32 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 166.8, 145.3, 141.4, 
136.3, 132.5, 121.5, 121.0, 120.6, 112.7, 110.1, 60.4, 55.5, 14.2; ESI-HRMS m/z: calcd for 
C13H17O3N2 [M + H]
+
 249.1234, found 249.1236. 
 
(2E, 4E)-4-[2-(3-Methoxylphenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12Q) [entry 10]. 




H NMR (500 MHz, 
CDCl3) : 8.01 (1H, br s), 7.48 (1H, dd, J = 15.0, 9.5 Hz), 7.41 (1H, dd, J = 9.5, 1.0 Hz), 7.17 (1H, t, 
J = 8.0 Hz), 6.72 (1H, t, J = 2.5 Hz), 6.58 (1H, ddd, J = 8.0, 2.5, 1.0 Hz), 6.49 (1H, ddd, J = 8.0, 2.5, 
1.0 Hz), 5.97 (1H, d, J = 15.0 Hz), 4.23 (2H, q, J = 7.0 Hz), 3.81 (3H, s), 1.32 (3H, t, J = 7.0 Hz); 
13
C NMR (125 MHz, CDCl3) : 166.7, 160.9, 144.5, 141.2, 135.6, 130.1, 121.5, 107.2, 105.8, 98.8, 
60.5, 55.2, 14.3; ESI-HRMS m/z: calcd for C13H17O3N2 [M + H]
+
 249.1234, found 249.1232. 
 
1-[(4-Acetylamino)phenyl]hydrazine-1-carboxylic Acid 1,1-Dimethylethyl Ester (94) [Scheme 
44]. To a solution of N-(4-iodophenyl)acetamide (93) (3.0 g, 11.5 mmol) in DMSO (12 mL) were 
added tert-butyl carbazate (1.8 g, 13.8 mmol), CuI (110 mg, 0.58 mmol) and Cs2CO3 (5.6 g, 17.3 
mmol) at 50 °C. After being stirred for 22 h, the reaction mixture was diluted with H2O and 
extracted with AcOEt. The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by flash column chromatography (hexane : AcOEt = 1 : 3) 





H NMR (300 MHz, CDCl3) : 7.46-7.37 (4H, m), 4.43 (2H, br s), 2.16 (3H, s), 1.49 (9H, s); 
13
C NMR (75 MHz, CDCl3) : 168.7, 155.1, 139.0, 134.7, 123.9, 119.7, 81.7, 28.2, 24.3; 
ESI-HRMS m/z: calcd for C13H19O3N3Na [M + Na]
+
 288.1319, found 288.1317. 
 
N-(4-Hydrazinylphenyl)acetamide Hydrochloride (84C) [Scheme 44]. To a solution of 94 (2.2 g, 
8.3 mmol) in CH2Cl2 (40 mL) was added HCl (4M in dioxane, 35 mL) at 0 °C. After being stirred at 
room temperature for 15 h, the resulting pale brown solid was filtered and washed with Et2O to 
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H NMR (300 MHz, CD3OD) : 7.52 (2H, d, J = 9.0 Hz), 6.97 (2H, d, J = 9.0 Hz), 
2.13 (3H, s); 
13
C NMR (75 MHz, CD3OD) : 171.8, 142.7, 135.2, 122.7, 116.9, 23.5; ESI-HRMS 
m/z: calcd for C8H12ON3 [M + H]
+
 166.0975, found 166.0975. 
 
General Procedure for Domino Reaction of Conjugated Hydrazones with Ethyl Radical 
[Scheme 45]. To a solution of 12B-I, N-Q (0.2 mmol) and ZnI2 (32 mg, 0.1 mmol) in MeCN (5 
mL) was added Et3B (1.04 M in hexane, 0.96 mL, 1.0 mmol) under N2 atmosphere at reflux. After 
being stirred for 0.5 h, the reaction mixture was diluted with 20% Rochelle salt solution and 
extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by PTLC (hexane : AcOEt = 2 : 1) to afford 13Ba-Ia, 
Na-Qa in yield shown in Scheme 45. 
 





H NMR (300 MHz, CDCl3) : 8.06 (1H, br s), 7.50-7.20 (7H, m), 7.09 (1H, d, J = 
2.0 Hz), 6.92 (1H, dd, J = 9.0, 2.0 Hz), 5.11 (2H, s), 4.21-4.03 (2H, m), 3.72 (1H, t, J = 7.5 Hz), 
2.22-2.07 (1H, m), 1.98-1.84 (1H, m), 1.22 (3H, t, J = 7.5 Hz), 0.96 (3H, t, J = 7.5 Hz); 
13
C NMR 
(75 MHz, CDCl3) : 174.7, 153.1, 137.5, 131.4, 128.5, 127.7, 127.6, 127.0, 122.8, 113.7, 113.0, 
111.9, 102.5, 70.8, 60.5, 44.8, 25.9, 14.3, 12.3; ESI-HRMS m/z: calcd for C21H24O3N [M + H]
+
 
338.1751, found 338.1752. 
 
5-(Acetylamino)--ethyl-1H-indole-3-acetic Acid Ethyl Ester (13Ca). Pale yellow oil; IR (neat): 




H NMR (300 MHz, CDCl3) : 8.42 (1H, br s), 7.74 (1H, s), 7.51 (1H, br s), 
7.25-7.17 (2H, m), 7.10 (1H, d, J = 2.0 Hz), 4.21-4.03 (2H, m), 3.72 (1H, t, J = 7.5 Hz), 2.17-2.05 
(1H, m), 2.14 (3H, s), 1.96-1.85 (1H, m), 1.21 (3H, t, J = 7.5 Hz), 0.93 (3H, t, J = 7.5 Hz); 
13
C 
NMR (75 MHz, CDCl3) : 174.8, 168.7, 133.7, 130.0, 126.6, 123.1, 116.9, 113.8, 111.6, 111.4, 60.6, 
44.8, 26.0, 24.2, 14.2, 12.3; ESI-HRMS m/z: calcd for C16H20O3N2 [M + H]
+
 289.1547, found 
289.1540. 
 





H NMR (300 MHz, CDCl3) : 8.12 (1H, br s), 7.70 (1H, s), 7.28-7.19 (2H, m), 7.13 (1H, 
d, J = 2.0 Hz), 4.22-4.06 (2H, m), 3.75 (1H, t, J = 7.5 Hz), 2.52 (3H, s), 2.22-2.07 (1H, m), 
1.99-1.85 (1H, m), 1.23 (3H, t, J = 7.5 Hz), 0.96 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3) : 
174.6, 134.9, 127.7, 127.5, 124.1, 122.7, 120.0, 113.8, 111.7, 60.6, 44.7, 26.1, 18.8, 14.2, 12.3; 
ESI-HRMS m/z: calcd for C15H20O2NS [M + H]
+









H NMR (300 MHz, CDCl3) : 7.99 (1H, br s), 7.48 (1H, s), 7.25 (1H, dd, J = 8.5, 2.5 Hz), 
7.10 (1H, d, J = 2.5 Hz), 7.01 (1H, d, J = 8.5 Hz), 4.20-4.08 (2H, m), 3.75 (1H, t, J = 7.5 Hz), 2.45 
(3H, s), 2.22-2.08 (1H, m), 2.00-1.86 (1H, m), 1.23 (3H, t, J = 7.5 Hz), 0.96 (3H, t, J = 7.5 Hz); 
13
C 
NMR (75 MHz, CDCl3) : 175.0, 134.7, 129.0, 127.2, 123.9, 122.4, 119.2, 113.9, 111.1, 60.8, 45.1, 
26.4, 21.8, 14.5, 12.6; ESI-HRMS m/z: calcd for C15H20O2N [M + H]
+
 246.1489, found 246.1490. 
 





H NMR (300 MHz, CDCl3) : 8.01 (1H, br s), 7.68 (1H, s), 7.28 (2H, s), 7.12 
(1H, d, J = 2.5 Hz), 4.22-4.06 (2H, m), 3.80 (1H, t, J = 7.5 Hz), 2.24-2.09 (1H, m), 2.00-1.86 (1H, 
m), 1.40 (9H, s), 1.24 (3H, t, J = 7.5 Hz), 0.99 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3) : 
174.8, 142.3, 134.2, 126.4, 122.0, 120.4, 114.9, 114.2, 110.6, 60.5, 44.6, 34.6, 31.9, 26.0, 14.3, 12.4; 
ESI-HRMS m/z: calcd for C18H26O2N [M + H]
+
 288.1958, found 288.1958. 
 





H NMR (300 MHz, CDCl3) : 8.13 (1H, br s), 7.36 (1H, dd, J = 10.0, 2.5 Hz), 7.25 (1H, dd, J 
= 9.0, 4.0 Hz), 7.18 (1H, d, J = 2.5 Hz), 6.93 (1H, td, J = 9.0, 2.5 Hz), 4.21-4.09 (2H, m), 3.71 (1H, 
t, J = 7.5 Hz), 2.22-2.08 (1H, m), 1.99-1.85 (1H, m), 1.24 (3H, t, J = 7.5 Hz), 0.96 (3H, t, J = 7.5 
Hz); 
13
C NMR (75 MHz, CDCl3) : 174.5, 157.7 (d, J = 233.0 Hz), 132.6, 127.0 (d, J = 9.5 Hz), 
123.8, 114.2 (d, J = 5.0 Hz), 111.7 (d, J = 9.5 Hz), 110.5 (d, J = 26.0 Hz), 104.3 (d, J = 24.0 Hz), 
60.7, 44.8, 25.8, 14.2, 12.3; ESI-HRMS m/z: calcd for C14H17O2NF [M + H]
+
 250.1238, found 
250.1239. 
 





H NMR (300 MHz, CDCl3) : 8.14 (1H, br s), 7.68 (1H, d, J = 2.0 Hz), 7.26 (1H, d, J = 8.5 
Hz), 7.18 (1H, d, J = 2.5 Hz), 7.13 (1H, dd, J = 8.5, 2.0 Hz), 4.21-4.09 (2H, m), 3.71 (1H, t, J = 7.5 
Hz), 2.22-2.07 (1H, m), 1.99-1.84 (1H, m), 1.24 (3H, t, J = 7.5 Hz), 0.96 (3H, t, J = 7.5 Hz); 
13
C 
NMR (75 MHz, CDCl3) : 174.4, 134.5, 127.8, 125.3, 123.4, 122.4, 118.9, 114.0, 112.1, 60.7, 44.7, 
26.0, 14.2, 12.3; ESI-HRMS m/z: calcd for C14H17O2N
35
Cl [M + H]
+
 266.0942, found 266.0944. 
 





H NMR (500 MHz, CDCl3) : 8.98 (1H, br s), 7.95 (1H, d, J = 8.5 Hz), 7.90 (1H, d, J = 8.0 
Hz), 7.79 (1H, d, J = 9.0 Hz), 7.51 (1H, d, J = 8.5 Hz), 7.47 (1H, td, J = 8.0, 1.0 Hz), 7.40 (1H, td, J 
= 8.0, 1.0 Hz), 7.13 (1H, d, J = 2.0 Hz), 4.22-4.10 (2H, m), 3.85 (1H, t, J = 7.5 Hz), 2.24-2.15 (1H, 
m), 2.01-1.92 (1H, m), 1.23 (3H, t, J = 7.5 Hz), 0.98 (3H, t, J = 7.5 Hz); 
13
C NMR (125 MHz, 
CDCl3) : 174.9, 130.7, 130.4, 128.7, 125.4, 123.4, 122.5, 121.7, 120.3, 120.2, 119.4, 119.2, 115.8, 
98 
 
60.6, 44.9, 26.3, 14.2, 12.3; ESI-HRMS m/z: calcd for C18H20O2N [M + H]
+
 282.1489, found 
282.1490. 
 





H NMR (500 MHz, CDCl3) : 8.53 (1H, br s), 8.47 (1H, d, J = 8.0 Hz), 7.91 (1H, d, J = 8.0 
Hz), 7.564 (1H, d, J = 9.0 Hz), 7.561 (1H, ddd, J = 8.0, 7.0, 1.5 Hz), 7.45 (1H, d, J = 9.0 Hz), 7.41 
(1H, ddd, J = 8.0, 7.0, 1.0 Hz), 7.20 (1H, d, J = 2.5 Hz), 4.39 (1H, dd, J = 9.0, 6.0 Hz), 4.22-4.16 
(2H, m), 2.25-2.16 (1H, m), 2.13-2.05 (1H, m), 1.24 (3H, t, J = 7.0 Hz), 1.10 (3H, t, J = 7.5 Hz); 
13
C 
NMR (125 MHz, CDCl3) : 175.1, 133.0, 129.9, 129.0, 128.8, 125.7, 123.5, 123.2, 122.9, 120.4, 
119.5, 116.9, 113.0, 60.7, 46.2, 26.9, 14.2, 12.6; ESI-HRMS m/z: calcd for C18H20O2N [M + H]
+
 
282.1489, found 282.1487. 
 





H NMR (300 MHz, CDCl3) : 8.30 (1H, br s), 7.31 (1H, d, J = 8.0 Hz), 7.13 (1H, d, J = 
2.5 Hz), 7.03 (1H, t, J = 8.0 Hz), 6.64 (1H, d, J = 8.0 Hz), 4.22-4.05 (2H, m), 3.94 (3H, s), 3.75 (1H, 
t, J = 7.5 Hz), 2.22-2.07 (1H, m), 2.01-1.86 (1H, m), 1.22 (3H, t, J = 7.5 Hz), 0.96 (3H, t, J = 7.5 
Hz); 
13
C NMR (75 MHz, CDCl3) : 174.7, 146.1, 128.0, 126.7, 121.5, 119.8, 114.6, 112.0, 101.8, 
60.5, 55.3, 44.9, 26.2, 14.2, 12.3; ESI-HRMS m/z: calcd for C15H20O3N [M + H]
+
 262.1438, found 
262.1441. 
 





H NMR (300 MHz, CDCl3) : 7.96 (1H, br s), 7.58 (1H, d, J = 8.5 Hz), 7.03 (1H, d, J = 
2.5 Hz), 6.84 (1H, d, J = 2.0 Hz), 6.79 (1H, dd, J = 8.5, 2.0 Hz), 4.22-4.05 (2H, m), 3.84 (3H, s), 
3.72 (1H, t, J = 7.5 Hz), 2.22-2.07 (1H, m), 2.00-1.85 (1H, m), 1.22 (3H, t, J = 7.0 Hz), 0.96 (3H, t, 
J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3) : 174.7, 156.5, 136.9, 121.1, 120.7, 120.0, 114.2, 109.5, 

















General Procedure for Domino Reaction of 12A with Alkyl Halides [Table 13]. To a solution of 
12A (50 mg, 0.2 mmol), RX (6.0 mmol) and ZnI2 (32 mg, 0.1 mmol) in MeCN (5 mL) was added 
Et3B (1.04 M in hexane, 0.58 mL, 0.6 mmol) under N2 atmosphere at reflux. After being stirred for 
5-90 min, the reaction mixture was diluted with 20% Rochelle salt solution and extracted with 
CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced pressure. The 
crude product was purified by PTLC (hexane : AcOEt = 2 : 1) to afford 13Ab-Ah in yield shown in 
Table 13. 
 
5-Methoxy--(1-methylethyl)-1H-indole-3-acetic Acid Ethyl Ester (13Ab) [entry 1]. Pale 




H NMR (300 MHz, CDCl3) : 8.06 (1H, br s), 7.23 (1H, d, 
J = 9.0 Hz), 7.18 (1H, d, J = 2.5 Hz), 7.17 (1H, d, J = 2.5 Hz), 6.85 (1H, dd, J = 9.0, 2.5 Hz), 
4.22-4.03 (2H, m), 3.87 (3H, s), 3.47 (1H, d, J = 10.0 Hz), 2.50-2.38 (1H, m), 1.24 (3H, t, J = 10.0 
Hz), 1.07 (3H, d, J = 11.0 Hz), 0.83 (3H, d, J = 11.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 174.5, 
153.9, 131.2, 127.5, 123.5, 112.8, 112.2, 111.8, 101.3, 60.4, 55.8, 51.1, 31.7, 21.3, 20.5, 14.2; 
ESI-HRMS m/z: calcd for C16H21O3NNa [M + Na]
+
 298.1414, found 298.1420. 
 
5-Methoxy--(1-methylpropyl)-1H-indole-3-acetic Acid Ethyl Ester (13Ac) [entry 2]. 13Ac was 





H NMR (300 MHz, CDCl3) : 8.07 (1H, br s), 7.22 (1H, d, J = 8.5 Hz), 7.18 (2H, 
m), 6.84 (1H, dd, J = 8.5, 2.5 Hz), 4.22-4.02 (2H, m), 3.869 and 3.867 (3H, s), 3.589 and 3.585 (1H, 
d, J = 10.0 Hz), 2.32-2.14 (1H, m), 1.66-1.53 (1.5H, m), 1.47-1.34 (0.5H, m), 1.24 (1.5H, t, J = 7.0 
Hz), 1.23 (1.5H, t, J = 7.0 Hz), 1.04 (1.5H, d, J = 6.5 Hz), 0.96 (1.5H, t, J = 7.0 Hz), 0.81 (1.5H, t, J 
= 7.0 Hz), 0.79 (1.5H, d, J = 6.5 Hz); 
13
C NMR (75 MHz, CDCl3) : 174.6, 174.5, 153.9, 131.2, 
127.64, 127.58, 123.6, 123.5, 112.8, 112.7, 112.2, 112.1, 111.78, 111.76, 101.4, 101.2, 60.4, 55.87, 
55.85, 49.6, 49.5, 37.8, 37.7, 27.9, 26.4, 17.3, 16.4, 14.2, 11.3, 11.1; ESI-HRMS m/z: calcd for 
C17H24O3N [M + H]
+
 290.1751, found 290.1750. 
 
-Cyclopentyl-5-methoxy-1H-indole-3-acetic Acid Ethyl Ester (13Ad) [entry 3]. Yellow oil; IR 




H NMR (300 MHz, CDCl3) : 8.02 (1H, br s), 7.24 (1H, d, J = 8.5 Hz), 
7.20 (1H, d, J = 2.5 Hz), 7.16 (1H, d, J = 2.5 Hz), 6.85 (1H, dd, J = 8.5, 2.5 Hz), 4.19-4.06 (2H, m), 
3.87 (3H, s), 3.59 (1H, d, J = 11.0 Hz), 2.76-2.63 (1H, m), 1.97-1.86 (1H, m), 1.72-1.12 (8H, m), 
1.23 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 174.6, 153.9, 131.1, 127.4, 123.2, 113.7, 
112.3, 111.8, 101.2, 60.4, 55.8, 49.0, 42.8, 31.4, 31.0, 25.3, 25.0, 14.3; ESI-HRMS m/z: calcd for 
C18H24O3N [M + H]
+
 302.1751, found 302.1751. 
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-Cyclohexyl-5-methoxy-1H-indole-3-acetic Acid Ethyl Ester (13Ae) [entry 4]. Pale yellow oil; 




H NMR (300 MHz, CDCl3) : 8.07 (1H, br s), 7.22 (1H, d, J = 8.5 Hz), 
7.17-7.16 (2H, m), 6.84 (1H, dd, J = 8.5, 2.5 Hz), 4.22-4.02 (2H, m), 3.87 (3H, s), 3.54 (1H, d, J = 
10.0 Hz), 2.08 (1H, qt, J = 10.5, 3.0 Hz), 1.87-1.73 (2H, m), 1.64-1.52 (2H, m), 1.38-1.05 (5H, m), 
1.23 (3H, t, J = 7.0 Hz), 0.91-0.78 (1H, m); 
13
C NMR (75 MHz, CDCl3) : 174.5, 153.9, 131.1, 
127.7, 123.4, 112.4, 112.1, 111.8, 101.3, 60.4, 55.9, 49.9, 41.2, 31.9, 30.7, 26.3, 26.09, 26.06, 14.3; 
ESI-HRMS m/z: calcd for C19H26O3N [M + H]
+
 316.1907, found 316.1910. 
 
5-Methoxy--phenylmethyl-1H-indole-3-acetic Acid Ethyl Ester (13Af) [entry 5]. Colorless oil; 




H NMR (300 MHz, CDCl3) : 7.99 (1H, br s), 7.28-7.15 (6H, m), 7.12 
(2H, dd, J = 7.0, 2.5 Hz), 6.86 (1H, dd, J = 8.5, 2.5 Hz), 4.14-3.99 (3H, m), 3.85 (3H, s), 3.45 (1H, 
dd, J = 13.5, 9.5 Hz), 3.18 (1H, dd, J = 13.5, 6.5 Hz), 1.13 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, 
CDCl3) : 173.9, 154.1, 139.5, 131.2, 128.9, 128.3, 126.8, 126.3, 122.9, 113.5, 112.5, 111.9, 100.9, 
60.7, 55.8, 45.2, 38.8, 14.1; ESI-HRMS m/z: calcd for C20H22O3N [M + H]
+
 324.1594, found 
324.1596. 
 
2-(5-Methoxy-1H-indol-3-yl)-butanedioic Acid 1,4-Diethyl Ester (13Ag) [entry 6]. Yellow oil; 




H NMR (300 MHz, CDCl3) : 8.09 (1H, br s), 7.24 (1H, d, J = 8.5 Hz), 
7.17 (1H, d, J = 2.5 Hz), 7.07 (1H, d, J = 2.5 Hz), 6.86 (1H, dd, J = 8.5, 2.5 Hz), 4.34 (1H, dd, J = 
10.5, 5.0 Hz), 4.24-4.05 (4H, m), 3.87 (3H, s), 3.30 (1H, dd, J = 17.0, 10.5 Hz), 2.77 (1H, dd, J = 
17.0, 5.0 Hz), 1.24 (3H, t, J = 7.0 Hz), 1.22 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 173.4, 
172.0, 154.1, 131.2, 126.6, 122.7, 112.8, 112.4, 112.0, 100.8, 61.03, 60.69, 55.8, 38.8, 37.0, 14.1; 
ESI-HRMS m/z: calcd for C17H22O5N [M + H]
+
 320.1493, found 320.1492. 
 
-(Cyanomethyl)-5-methoxy-1H-indole-3-acetic Acid Ethyl Ester (13Ah) [entry 7]. Yellow oil; 




H NMR (300 MHz, CDCl3) : 8.17 (1H, br s), 7.27 (1H, d, J = 
8.0 Hz), 7.17 (1H, d, J = 2.5 Hz), 7.06 (1H, d, J = 2.5 Hz), 6.89 (1H, dd, J = 8.5, 2.5 Hz), 4.31-4.10 
(3H, m), 3.86 (3H, s), 3.11 (1H, dd, J = 17.0, 7.0 Hz), 2.94 (1H, dd, J = 17.0, 7.0 Hz), 1.23 (3H, t, J 
= 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 171.5, 154.4, 131.3, 125.9, 123.3, 118.1, 113.0, 112.3, 





Domino Reaction of 12A with tert-Butyl Iodide [Table 14, entry 1]. To a solution of 12A (50 mg, 
0.2 mmol), tBuI (0.71 mL, 6.0 mmol) and ZnI2 (32 mg, 0.1 mmol) in MeCN (5 mL) was added Et3B 
(1.04 M in hexane, 0.58 mL, 0.6 mmol) under N2 atmosphere at reflux. After being stirred for 5 min, 
the reaction mixture was quenched with 10% Na2S2O3 solution and extracted with CHCl3. The 
101 
 
organic phase was dried over MgSO4 and concentrated under reduced pressure. The crude product 
was purified by PTLC (hexane : AcOEt = 2 : 1) to afford 17A (16.5 mg, 35%). 
 
5-Methoxy-1H-indole-3-acetic Acid Ethyl Ester (17A)
 40)




H NMR (300 MHz, CDCl3) : 8.07 (1H, br s), 7.21 (1H, d, J = 8.5 Hz), 7.10 (1H, d, J = 2.5 Hz), 
7.06 (1H, d, J = 2.5 Hz), 6.85 (1H, dd, J = 8.5, 2.5 Hz), 4.17 (2H, q, J = 7.0 Hz), 3.86 (3H, s), 3.73 
(2H, s), 1.27 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.1, 154.1, 131.2, 127.6, 123.8, 
112.5, 111.9, 108.2, 100.6, 60.8, 55.8, 31.5, 14.2; ESI-HRMS m/z: calcd for C13H16O3N [M + H]
+
 
234.1125, found 234.1124. 
 
[Table 14, entry 2]. To a solution of 12A (50 mg, 0.2 mmol), tBuI (0.71 mL, 6.0 mmol) Na2S2O3 
(174 mg, 0.7 mmol) and ZnI2 (32 mg, 0.1 mmol) in MeCN (5 mL) was added Et3B (1.04 M in 
hexane, 0.58 mL, 0.6 mmol) under N2 atmosphere at reflux. After being stirred for 5 min, the 
reaction mixture was quenched with 10% Na2S2O3 solution and extracted with CHCl3. The organic 
phase was dried over MgSO4 and concentrated under reduced pressure. The crude product was 
purified by PTLC (hexane : AcOEt = 2 : 1) to afford 17A (31.4 mg, 67%). 
 
[Table 14, entries 3-5]. To a solution of 12A (50 mg, 0.2 mmol), Na2S2O3 (174 mg, 0.7 mmol) and 
ZnI2 (32 mg, 0.1 mmol) in MeCN (5 mL) was added tBuI (1.0-6.0 mmol) under N2 atmosphere at 
reflux. After being stirred for 5 min, the reaction mixture was quenched with 10% Na2S2O3 solution 
and extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under 
reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 3 : 1) to afford 17A 
in yield shown in Table 14. 
 
[Table 14, entry 6]. To a solution of 12A (50 mg, 0.2 mmol) and Na2S2O3 (174 mg, 0.7 mmol) in 
MeCN (5 mL) was added tBuI (0.12 mL, 1.0 mmol) under N2 atmosphere at reflux. After being 
stirred for 0.5 h, the reaction mixture was quenched with 10% Na2S2O3 solution and extracted with 
CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced pressure. The 
crude product was purified by PTLC (hexane : AcOEt = 3 : 1) to afford 17A (33.0 mg, 71%). 
 
[Table 14, entry 7]. To a solution of 12A (50 mg, 0.2 mmol) in MeCN (5 mL) was added tBuI (0.12 
mL, 1.0 mmol) under N2 atmosphere at reflux. After being stirred for 5 min, the reaction mixture 
was quenched with 10% Na2S2O3 solution and extracted with CHCl3. The organic phase was dried 
over MgSO4 and concentrated under reduced pressure. The crude product was purified by PTLC 






Reaction of 12A with tert-Butyl Iodide [Table 15, entries 2 and 3]. To a solution of 12A (50 mg, 
0.2 mmol) in MeCN (2 mL) was added tBuI (0.4 or 0.6 mmol) at reflux. After being stirred for 0.5 
or 4 h, the reaction mixture was quenched with 10% Na2S2O3 solution and extracted with CHCl3. 
The organic phase was dried over MgSO4 and concentrated under reduced pressure. The crude 
product was purified by PTLC (hexane : AcOEt = 3 : 1) to afford 17A in yield shown in Table 15. 
 
[Table 15, entry 4]. To a solution of 12A (50 mg, 0.2 mmol) in MeCN (2 mL) was added tBuI (71 
μL, 0.6 mmol) at room temperature. After being stirred for 24 h, the reaction mixture was quenched 
with 10% Na2S2O3 solution and extracted with CHCl3. The organic phase was dried over MgSO4 
and concentrated under reduced pressure. The crude product was purified by PTLC (hexane : 
AcOEt = 3 : 1) to afford 17A (35.7 mg, 77%). 
 
[Table 15, entries 7 and 8]. To a solution of 12A (50 mg, 0.2 mmol) in EtOH or DMF (2 mL) was 
added tBuI (71 μL, 0.6 mmol) at reflux. After being stirred for 3 h, the reaction mixture was 
quenched with 10% Na2S2O3 solution and extracted with CHCl3. The organic phase was dried over 
MgSO4 and concentrated under reduced pressure. The crude product was purified by PTLC 
(hexane : AcOEt = 3 : 1) to afford 17A in yield shown in Table 15. 
 
Reaction of 12A with Hydroiodic Acid [Table 15, entry 9]. To a solution of 12A (50 mg, 0.2 
mmol) in MeCN (2 mL) was added hydroiodic acid (55 wt% in water, 87 μL, 0.6 mmol) at reflux. 
After being stirred for 0.5 h, the reaction mixture was quenched with 10% Na2S2O3 solution and 
extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by PTLC (hexane : AcOEt = 3 : 1) to afford 17A (30.4 mg, 
65%), 118 (2.3 mg, 6%) and 119 (2.4 mg, 6%). 
 
3-(2-Ethoxy-2-oxoethyl)--[3-(2-ethoxy-2-oxoethyl)-5-methoxy-1H-indol-2-yl]-5-methoxy-1H-i




H NMR (500 MHz, 
CDCl3) : 9.69 (2H, br s), 7.12 (2H, d, J = 9.0 Hz), 6.99 (2H, d, J = 2.5 Hz), 6.79 (2H, dd, J = 9.0, 
2.5 Hz), 4.68 (1H, t, J = 8.0 Hz), 4.25 (4H, q, J = 7.0 Hz), 4.09 (2H, q, J = 7.0 Hz), 3.94 and 3.85 
(4H, ABq, J = 7.0 Hz), 3.84 (6H, s), 2.66 (2H, q, J = 7.5 Hz), 2.36 (2H, t, J = 7.5 Hz), 1.32 (6H, t, J 
= 7.0 Hz), 1.22 (3H, t, J = 7.0 Hz); 
13
C NMR (125 MHz, CDCl3) : 174.1, 173.0, 153.9, 137.7, 
130.8, 128.6, 111.8, 111.7, 103.2, 100.2, 61.5, 60.6, 56.0, 37.1, 32.3, 30.4, 27.2, 14.3, 14.2; 
ESI-HRMS m/z: calcd for C32H38O8N2Na [M + Na]
+









H NMR (500 
MHz, CDCl3) : 8.36 (1H, br s), 8.00 (1H, br s), 7.19 (1H, s), 7.11 (1H, d, J = 9.0 Hz), 7.04-7.02 
(3H, m), 6.75 (1H, dd, J = 9.0, 2.5 Hz), 4.66 (1H, t, J = 8.0 Hz), 4.13 (2H, q, J = 7.0 Hz), 4.06 (2H, 
q, J = 7.0 Hz), 4.05 (2H, q, J = 7.0 Hz), 3.87 (3H, s), 3.83 (3H, s), 3.79 and 3.71 (2H, ABq, J = 15.5 
Hz), 3.68 (2H, s), 2.49-2.40 (2H, m), 2.39-2.26 (2H, m), 1.24 (3H, t, J = 7.0 Hz), 1.183 (3H, t, J = 
7.0 Hz), 1.175 (3H, t, J = 7.0 Hz); 
13
C NMR (125 MHz, CDCl3) : 173.8, 172.1, 172.0, 154.0, 152.0, 
139.3, 131.1, 130.4, 128.9, 126.4, 126.3, 123.6, 111.35, 111.29, 110.9, 108.1, 104.8, 100.8, 100.3, 
60.8, 60.6, 60.3, 56.00, 55.95, 37.5, 32.7, 31.6, 30.7, 29.2, 14.3, 14.2 (2C); ESI-HRMS m/z: calcd 
for C32H38O8N2Na [M + Na]
+
 601.2520, found 601.2522. 
 
[Table 15, entry 11]. To a solution of 12A (1.0 g, 4.0 mmol) in MeCN (40 mL) was added tBuI 
(1.43 mL, 12.1 mmol) at reflux. After being stirred for 0.5 h, the reaction mixture was quenched 
with 10% Na2S2O3 solution and extracted with CHCl3. The organic phase was dried over MgSO4 
and concentrated under reduced pressure. The crude product was purified by flash column 

























Reaction of tert-Butyl Iodide in Acetonitrile with Water [Scheme 54]. To a solution of tBuI (37 
mg, 0.2 mmol) in MeCN (2 mL) was added H2O (36 μL, 2.0 mmol) at reflux. After being stirred for 
1 h, the reaction mixture was concentrated under reduced pressure. The crude product was purified 
by PTLC (CHCl3 : MeOH = 10 : 1) to afford N-(1,1-dimethylethyl)acetamide (121) (8.9 mg, 39%) 




Reduction of 127 [Scheme 60, eq 1]. To a solution of 127 (35 mg, 0.2 mmol) in MeCN (2 mL) was 
added tBuI (48 μL, 0.4 mmol) at reflux. After being stirred for 10 min, the reaction mixture was 
quenched with 10% Na2S2O3 solution and extracted with CHCl3. The organic phase was dried over 
MgSO4 and concentrated under reduced pressure. The crude product was purified by PTLC 
(hexane : AcOEt = 1 : 1) to afford diethyl 1,2-hydrazinedicarboxylic acid 1,2-diethyl ester (128)
 




(2E, 4E)-4-(2,2-Dimethylhydrazono)-2-butenoic Acid Ethyl Ester (131)
 63)
 [Scheme 61, eq 1]. 
To a solution of ethyl trans-4-oxo-2-butanoate (1.0 g, 7.8 mmol) in EtOH (20 mL) were added 
N,N-dimethylhydrazine (0.65 mL, 8.6 mmol) and AcOH (2 drops) at 0 °C. After being stirred for 1 
h, the reaction mixture was concentrated under reduced pressure. The crude product was purified by 





H NMR (300 MHz, CDCl3) : 7.41 (1H, dd, J = 15.5, 9.5 Hz), 6.89 (1H, d, J = 
9.5 Hz), 5.83 (1H, d, J = 15.5 Hz), 4.20 (2H, q, J = 7.0 Hz), 3.04 (6H, s), 1.29 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 167.1, 143.1, 128.2, 117.1, 59.7, 42.1, 14.1; ESI-HRMS m/z: calcd 
for C8H14O2N2Na [M + Na]
+
 193.0947, found 193.0949. 
 
Reduction of 131 [Scheme 61, eq 2]. To a solution of 131 (34 mg, 0.2 mmol) in MeCN (2 mL) was 
added tBuI (48 μL, 0.4 mmol) at reflux. After being stirred for 0.5 h, the reaction mixture was 
quenched with 10% Na2S2O3 solution and extracted with CHCl3. The organic phase was dried over 
MgSO4 and concentrated under reduced pressure. The crude product was purified by PTLC 
(hexane : AcOEt = 2 : 1) to afford 133 (13.7 mg, 40%). 
 
(4E)-4-(Dimethylhydrazono)-butanoic Acid Ethyl Ester (133). Yellow oil; IR (neat): 1735 cm-1; 
1
H NMR (300 MHz, CDCl3) : 6.67 (1H, br t, J = 4.0 Hz), 4.14 (2H, q, J = 7.0 Hz), 2.73 (6H, s), 
2.58-2.49 (4H, m), 1.26 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 173.1, 136.1, 60.3, 43.2, 
32.0, 28.1, 14.2; ESI-HRMS m/z: calcd for C8H17O2N2 [M + H]
+






Preparation of Conjugated Hydrazones 12J-M [Table 16]. According to the general procedure A 
or B described in Table 12, 12J-M was obtained in the yields shown in Table 16. 
 
(2E, 4E)-4-[2-(4-Bromophenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12J). Yellow solid; 




H NMR (300 MHz, CDCl3) : 7.91 
(1H, br s), 7.49-7.40 (2H, m), 7.36 (2H, d, J = 9.0 Hz), 6.95 (2H, d, J = 9.0 Hz), 6.03-5.94 (1H, m), 
4.23 (2H, q, J = 7.0 Hz), 1.31 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 166.7, 142.3, 141.0, 
136.2, 132.2, 121.9, 114.7, 113.3, 60.6, 14.2; ESI-HRMS m/z: calcd for C12H14O2N2
79
Br [M + H]
+
 
297.0233, found 297.0235. 
 
(2E, 4E)-4-[2-(4-Cyanophenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12K). Yellow solid; 




H NMR (300 MHz, CDCl3) : 
8.33 (1H, br s), 7.57-7.52 (3H, m), 7.44 (1H, dd, J = 15.5, 9.5 Hz), 7.12 (2H, d, J = 8.5 Hz), 6.07 
(1H, d, J = 15.5 Hz), 4.25 (2H, q, J = 7.0 Hz), 1.33 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) 
: 166.4, 146.6, 140.4, 138.5, 133.7, 123.9, 119.6, 113.2, 103.3, 60.7, 14.2; ESI-HRMS m/z: calcd 
for C13H14O2N3 [M + H]
+
 244.1081, found 244.1079. 
 
(2E, 4E)-4-[2-(2-Methylphenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12L). Yellow solid; 




H NMR (300 MHz, CDCl3) : 7.86 
(1H, br s), 7.57-7.45 (3H, m), 7.21 (1H, t, J = 7.5 Hz), 7.10 (1H, d, J = 7.5 Hz), 6.87 (1H, td, J = 7.5, 
1.0 Hz), 6.05-5.94 (1H, m), 4.24 (2H, q, J = 7.0 Hz), 2.23 (3H, s), 1.32 (3H, t, J = 7.0 Hz); 
13
C 
NMR (75 MHz, CDCl3) : 166.7, 141.3, 141.0, 136.3, 130.5, 127.3, 121.3, 120.9, 120.7, 113.1, 60.4, 
16.9, 14.2; ESI-HRMS m/z: calcd for C13H17O2N2 [M + H]
+
 233.1285, found 233.1286. 
 
(2E, 4E)-4-[2-(3-Methylphenyl)hydrazono]-2-butenoic Acid Ethyl Ester (12M). Yellow solid; 




H NMR (300 MHz, CDCl3) : 7.94 
(1H, br s), 7.49 (1H, dd, J = 15.0, 9.5 Hz), 7.41 (1H, dd, J = 9.5, 1.0 Hz), 7.16 (1H, t, J = 7.5 Hz), 
6.93 (1H, s), 6.84 (1H, d, J = 7.5 Hz), 6.75 (1H, d, J = 7.5 Hz), 5.97 (1H, d, J = 15.0 Hz), 4.23 (2H, 
q, J = 7.0 Hz), 2.33 (3H, s), 1.32 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 166.9, 143.1, 
141.5, 139.3, 135.3, 129.1, 122.1, 120.7, 113.7, 110.3, 60.4, 21.5, 14.2; ESI-HRMS m/z: calcd for 
C13H17O2N2 [M + H]
+






General Procedure for Reductive Fischer Indolization of Conjugated Hydrazones [Scheme 64]. 
To a solution of 12B-H, J-N (0.2 mmol) in MeCN (2 mL) was added tBuI (71 μL, 0.6 mmol) at 
reflux. After being stirred for 0.5 h, the reaction mixture was quenched with 10% Na2S2O3 solution 
and extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under 
reduced pressure. The crude product was purified by PTLC (hexane : AcOEt = 3 : 1) to afford 
17B-H, J-N in the yields shown in scheme 64. 
 
5-(Phenylmethoxy)-1H-indole-3-acetic Acid Ethyl Ester (17B)
 68)





H NMR (300 MHz, CDCl3) : 7.99 (1H, br s), 7.50-7.46 (2H, m), 7.42-7.29 (3H, m), 
7.25 (1H, dd, J = 9.5, 0.5 Hz), 7.19-7.15 (2H, m), 6.94 (1H, dd, J = 9.0, 2.5 Hz), 5.11 (2H, s), 4.15 
(2H, q, J = 7.0 Hz), 3.72 (2H, d, J = 1.0 Hz), 1.26 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) 
: 172.1, 153.3, 137.6, 131.4, 128.5, 127.7, 127.6, 123.9, 113.1, 111.9, 108.2, 102.2, 70.8, 60.8, 31.5, 
14.2; ESI-HRMS m/z: calcd for C19H20O3N [M + H]
+
 310.1438, found 310.1437. 
 
5-(Acetylamino)-1H-indole-3-acetic Acid Ethyl Ester (17C). White solid; Mp: 138-139 °C 
(MeOH); IR (KBr): 3375, 3302, 1716, 1654 cm-1; 1H NMR (300 MHz, CD3OD) : 7.74 (1H, d, J = 
1.5 Hz), 7.28 (1H, d, J = 9.0 Hz), 7.19-7.16 (2H, m), 4.13 (2H, q, J = 7.0 Hz), 3.71 (2H, s), 2.12 
(3H, s), 1.23 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CD3OD) : 174.3, 171.5, 135.4, 131.4, 128.5, 
125.7, 117.3, 112.2, 112.0, 108.8, 61.9, 32.1, 23.6, 14.5; ESI-HRMS m/z: calcd for C14H17O3N2 [M 
+ H]
+
 261.1234, found 261.1233. 
 





H NMR (300 MHz, CDCl3) : 8.22 (1H, br s), 7.61 (1H, s), 7.25-7.18 (2H, m), 7.07 (1H, d, J 
= 2.5 Hz), 4.17 (2H, q, J = 7.0 Hz), 3.74 (2H, d, J = 0.5 Hz), 2.51 (3H, s), 1.27 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.1, 134.7, 127.8, 127.6, 124.0, 123.9, 119.5, 111.7, 107.9, 60.9, 
31.2, 18.7, 14.2; ESI-HRMS m/z: calcd for C13H16O2NS [M + H]
+
 250.0896, found 250.0897. 
 





NMR (300 MHz, CDCl3) : 8.00 (1H, br s), 7.40 (1H, s), 7.23 (1H, d, J = 8.0 Hz), 7.11 (1H, d, J = 
2.5 Hz), 7.02 (1H, dd, J = 8.0, 1.5 Hz), 4.17 (2H, q, J = 7.0 Hz), 3.74 (2H, s), 2.45 (3H, s), 1.27 (3H, 
t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.2, 134.4, 128.8, 127.4, 123.7, 123.1, 118.5, 110.8, 
108.0, 60.7, 31.4, 21.5, 14.2; ESI-HRMS m/z: calcd for C13H16O2N [M + H]
+












H NMR (300 MHz, CDCl3) : 8.00 (1H, br s), 7.61 (1H, d, J = 0.5 Hz), 7.29 (2H, d, J = 
1.5 Hz), 7.14 (1H, d, J = 2.5 Hz), 4.17 (2H, q, J = 7.0 Hz), 3.77 (2H, d, J = 1.0 Hz), 1.39 (9H, s), 
1.27 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.2, 142.4, 134.1, 126.9, 123.1, 120.5, 
114.5, 110.6, 108.4, 60.7, 34.6, 31.9, 31.5, 14.2; ESI-HRMS m/z: calcd for C16H22O2N [M + H]
+
 
260.1645, found 260.1647. 
 
1H-Indole-3-acetic Acid Ethyl Ester (17G)
 64)





(300 MHz, CDCl3) : 8.13 (1H, br s), 7.64-7.60 (1H, m), 7.31 (1H, d, J = 8.0 Hz), 7.22-7.10 (3H, 
m), 4.16 (2H, q, J = 7.0 Hz), 3.76 (2H, d, J = 0.5 Hz), 1.26 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, 
CDCl3) : 172.2, 136.0, 127.1, 123.1, 122.0, 119.5, 118.8, 111.2, 108.3, 60.8, 31.4, 14.2; 
ESI-HRMS m/z: calcd for C12H14O2N [M + H]
+
 204.1019, found 204.1022. 
 
5-Fluoro-1H-indole-3-acetic Acid Ethyl Ester (17H)
 65)




H NMR (300 MHz, CDCl3) : 8.15 (1H, br s), 7.28-7.22 (2H, m), 7.18 (1H, d, J = 2.5 Hz), 6.94 
(1H, td, J = 9.0, 2.5 Hz), 4.18 (2H, q, J = 7.0 Hz), 3.72 (2H, d, J = 1.0 Hz), 1.27 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 171.9, 157.9 (d, J = 232.0 Hz), 132.6, 127.6 (d, J = 10.5 Hz), 124.8, 
111.8 (d, J = 9.5 Hz), 110.6 (d, J = 26.5 Hz), 108.7 (d, J = 4.5 Hz), 103.9 (d, J = 23.5 Hz), 60.9, 
31.3, 14.2; ESI-HRMS m/z: calcd for C12H13O2NF [M + H]
+
 222.0925, found 222.0926.
 
 









NMR (300 MHz, CDCl3) : 8.21 (1H, br s), 7.74 (1H, d, J = 2.0 Hz), 7.26 (1H, dd, J = 8.5, 2.0 Hz), 
7.17 (1H, d, J = 8.5 Hz), 7.12 (1H, d, J = 2.5 Hz), 4.18 (2H, q, J = 7.0 Hz), 3.71 (2H, s), 1.28 (3H, t, 
J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 171.9, 134.7, 128.9, 125.0, 124.3, 121.5, 112.9, 112.6, 
108.1, 61.0, 31.2, 14.2; ESI-HRMS m/z: calcd for C12H13O2N
79
Br [M + H]
+
 282.0124, found 
282.0126.  
 




H NMR (300 MHz, CDCl3) : 8.02 (1H, br s), 7.48 (1H, d, J = 8.0 Hz), 7.18 (1H, d, J = 2.5 Hz), 
7.09-6.99 (2H, m), 4.16 (2H, q, J = 7.0 Hz), 3.77 (2H, d, J = 0.5 Hz), 2.47 (3H, s), 1.26 (3H, t, J = 
7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.1, 135.6, 126.7, 122.70, 122.66, 120.3, 119.8, 116.6, 
109.0, 60.8, 31.5, 16.5, 14.2; ESI-HRMS m/z: calcd for C13H16O2N [M + H]
+











H NMR (300 MHz, CDCl3) : 8.06 (1H, br s), 7.19 (1H, d, J = 8.0 Hz), 7.11 (1H, d, J = 2.5 Hz), 
7.06 (1H, dd, J = 8.0, 7.0 Hz), 6.84 (1H, d, J = 7.0 Hz), 4.18 (2H, q, J = 7.0 Hz), 3.92 (2H, d, J = 
1.0 Hz), 2.67 (3H, s), 1.27 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.7, 136.6, 130.5, 
125.7, 123.5, 122.2, 121.3, 109.2, 60.8, 33.0, 20.0, 14.2; ESI-HRMS m/z: calcd for C13H16O2N [M + 
H]
+
 218.1176, found 218.1174. 
 
6-Methyl-1H-indole-3-acetic Acid Ethyl Ester (17M’). Colorless oil; IR (neat): 3405, 1729 cm-1; 
1
H NMR (300 MHz, CDCl3) : 7.94 (1H, br s), 7.50 (1H, d, J = 8.5 Hz), 7.15 (1H, s), 7.10 (1H, d, J 
= 2.0 Hz), 6.97 (1H, d, J = 8.5 Hz), 4.16 (2H, q, J = 7.0 Hz), 3.74 (2H, d, J = 1.0 Hz), 2.46 (3H, s), 
1.26 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.1, 136.5, 132.0, 125.1, 122.3, 121.4, 





1H-Benz[g]indole-3-acetic Acid Ethyl Ester (17N). Green solid; Mp: 105-107 °C 
(hexane-AcOEt); IR (KBr): 3343, 1718 cm-1; 1H NMR (300 MHz, CDCl3) : 8.90 (1H, br s), 
7.94-7.89 (2H, m), 7.70 (1H, d, J = 9.0 Hz), 7.53-7.38 (3H, m), 7.12 (1H, d, J = 2.5 Hz), 4.19 (2H, q, 
J = 7.0 Hz), 3.82 (2H, d, J = 0.5 Hz), 1.27 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.3, 
130.7, 130.4, 128.8, 125.4, 123.9, 123.0, 121.7, 121.2, 120.5, 119.4, 118.8, 110.1, 60.9, 31.5, 14.2; 
ESI-HRMS m/z: calcd for C16H16O2N [M + H]
+





















(2E, 4E)-4-[2-(4-Methoxyphenyl)-2-methylhydrazono]-2-butenoic Acid Ethyl Ester (23Aa) 
[Table 17, entry 1]. To a solution of 12A (500 mg, 2.0 mmol) in dry THF (8 mL) was added 
sodium hydride (100 mg, 2.4 mmol) and the mixture was stirred at 0 °C for 10 min. Then, methyl 
iodide (0.19 mL, 3.0 mmol) was added to the reaction mixture and the mixture was stirred at reflux. 
After being stirred for 1 h, the reaction mixture was diluted with H2O and extracted with Et2O. The 
organic phase was washed with saturated NaCl, dried over MgSO4 and concentrated under reduced 
pressure. The crude product was recrystallized from AcOEt/hexane to afford 23Aa (522 mg, 98%) 




H NMR (300 MHz, 
CDCl3) : 7.54 (1H, dd, J = 15.5, 9.5 Hz), 7.23 (2H, d, J = 9.0 Hz), 7.18 (1H, d, J = 9.5 Hz), 6.88 
(2H, d, J = 9.0 Hz), 5.96 (1H, d, J = 15.5 Hz), 4.23 (2H, q, J = 7.0 Hz), 3.80 (3H, s), 3.36 (3H, s), 
1.31 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 167.2, 155.3, 143.1, 141.0, 129.7, 119.1, 





(2E, 4E)-4-[2-(4-Methoxyphenyl)-2-(phenylmethyl)hydrazono]-2-butenoic Acid Ethyl Ester 
(23Ab) [Table 17, entry 2]. To a solution of 12A (1.0 g, 4.0 mmol) in dry THF (40 mL) was added 
sodium hydride (193 mg, 4.8 mmol) and the mixture was stirred at 0 °C for 30 min. Then, benzyl 
bromide (0.68 mL, 6.0 mmol) was added to the reaction mixture and the mixture was stirred at 
room temperature. After being stirred for 1.5 h, the reaction mixture was diluted with H2O and 
extracted with Et2O. The organic phase was washed with saturated NaCl, dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by flash column 
chromatography (hexane : AcOEt = 5 : 1) to afford 23Ab (746 mg, 55%) as yellow solid. Mp: 




H NMR (300 MHz, CDCl3) : 7.49 (1H, dd, J = 
16.0, 9.5 Hz), 7.37-7.23 (5H, m), 7.16 (2H, d, J = 7.5 Hz), 7.05 (1H, d, J = 9.5 Hz), 6.87 (2H, d, J = 
9.5 Hz), 5.79 (1H, d, J = 16.0 Hz), 5.08 (2H, s), 4.19 (2H, q, J = 7.0 Hz), 3.79 (3H, s), 1.28 (3H, t, J 
= 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 167.1, 155.5, 142.9, 140.8, 134.8, 130.7, 129.1, 127.5, 
126.0, 119.8, 117.8, 114.5, 60.2, 55.6, 52.1, 14.3; ESI-HRMS m/z: calcd for C20H22O3N2Na [M + 
Na]
+
 361.1523, found 361.1531. 
 
(2E, 4E)-4-[2-Acetyl-2-(4-methoxyphenyl)hydrazono]-2-butenoic Acid Ethyl Ester (23Ac) 
[Table 17, entry 3]. To a solution of 12A (1.0 g, 4.0 mmol) in dry THF (20 mL) was added sodium 
hydride (193 mg, 4.8 mmol) and the mixture was stirred at 0 °C for 30 min. Then, acetic anhydride 
(0.57 mL, 6.0 mmol) was added to the reaction mixture and the mixture was stirred at reflux. After 
being stirred for 3.5 h, the reaction mixture was diluted with saturated aqueous NaHCO3 solution 
110 
 
and extracted with Et2O. The organic phase was washed with saturated NaCl, dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by flash column 
chromatography (hexane : AcOEt = 3 : 1) to afford 23Ac (901 mg, 78%) as off-white solid. Mp: 




H NMR (300 MHz, CDCl3) : 7.39 (1H, 
br dd, J = 16.0, 9.5 Hz), 7.06-7.00 (4H, m), 6.99 (1H, d, J = 9.5 Hz), 5.97 (1H, dd, J = 16.0, 0.5 Hz), 
4.22 (2H, q, J = 7.0 Hz), 3.86 (3H, s), 2.52 (3H, br s), 1.29 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, 
CDCl3) : 173.2, 165.9, 160.1, 140.3, 139.7, 129.8, 127.6, 126.7, 115.5, 60.7, 55.4, 21.9, 14.1; 
ESI-HRMS m/z: calcd for C15H19O4N2 [M + H]
+
 291.1339, found 291.1339. 
 
(2E, 4E)-4-[2-(4-Methoxyphenyl)hydrazono]-4-phenyl-2-butenoic Acid Ethyl Ester (24) 
[Scheme 65]. According to the general procedure A described in Table 12, 24 was obtained in 79% 




H NMR (300 
MHz, CDCl3) : 7.71 (1H, br s), 7.70 (1H, d, J = 16.0 Hz), 7.59-7.46 (3H, m), 7.26-7.22 (2H, m), 
6.99 (2H, d, J = 9.5 Hz), 6.82 (2H, d, J = 9.5 Hz), 5.50 (1H, d, J = 16.0 Hz), 4.19 (2H, q, J = 7.0 
Hz), 3.77 (3H, s), 1.28 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 167.0, 154.5, 144.8, 142.5, 
136.9, 130.5, 129.7, 129.4, 128.7, 118.8, 114.45, 114.39, 60.1, 55.4, 14.2; ESI-HRMS m/z: calcd for 
C19H21O3N2 [M + H]
+
 325.1547, found 325.1544. 
 
Preparation of Conjugated Hydrazones 25a-d [Table 18]. To a mixture of (2E)-4-oxo-2-butenoic 
acid ethyl ester, acrolein, crotonaldehyde or cinnamaldehyde (7.8 mmol) and sodium acetate 
(8.2-9.4 mmol) in EtOH (20 mL) was added N-arylhydrazine hydrochloride (8.2 mmol) at room 
temperature. After being stirred for 0.5-1 h, the reaction mixture was concentrated under reduced 
pressure, diluted with H2O and extracted with CHCl3. The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by flash column 
chromatography (hexane : AcOEt = 3 : 1) or recrystallization (AcOEt/hexane) to afford 25a-d in the 
yields shown in Table 18. 
 
(2E, 4E)-4-(2,2-Diphenylhydrazono)-2-butenoic Acid Ethyl Ester (25a) [entry 1]. Light green 




H NMR (300 MHz, CDCl3) : 7.54 
(1H, dd, J = 16.0, 9.5 Hz), 7.45-7.39 (4H, m), 7.26-7.20 (2H, m), 7.16-7.13 (4H, m), 6.90 (1H, d, J 
= 9.5 Hz), 5.79 (1H, d, J = 16.0 Hz), 4.20 (2H, q, J = 7.0 Hz), 1.29 (3H, t, J = 7.0 Hz); 
13
C NMR 
(75 MHz, CDCl3) : 166.7, 142.6, 142.1, 133.9, 129.8, 125.3, 122.3, 121.3, 60.2, 14.2; ESI-HRMS 
m/z: calcd for C18H19O2N2 [M + H]
+






(1E)-2-Propenal N,N-Diphenylhydrazone (25b) [entry 2]. Yellow solid; Mp: 57-58 °C 




H NMR (300 MHz, 
CDCl3) : 7.42-7.36 (4H, m), 7.20-7.10 (6H, m), 6.89 (1H, d, J = 9.5 Hz), 6.63 (1H, ddd, J = 17.5, 
10.5, 9.5 Hz), 5.32-5.16 (2H, m); 
13
C NMR (75 MHz, CDCl3) : 143.4, 138.2, 135.1, 129.7, 124.4, 
122.4, 118.9; ESI-HRMS m/z: calcd for C15H15N2 [M + H]
+
 223.1230, found 223.1228. 
 
(1E, 2E)-2-Butenal N,N-Diphenylhydrazone (25c)
 29)
 [entry 3]. 25c was obtained as an 
inseparable 19 : 1 mixture of 2E- and 2Z-isomers. Yellow solid; Mp: 33-35 °C (hexane-AcOEt); IR 
(KBr): 3025, 1589, 1495, 1292, 1214, 1168, 1058 cm
-1
; major isomer: 
1
H NMR (300 MHz, CDCl3) 
: 7.37 (4H, t, J = 8.0 Hz), 7.17-7.08 (6H, m), 6.87 (1H, d, J = 9.0 Hz), 6.35 (1H, ddd, J = 15.5, 9.0, 
2.5 Hz), 5.70 (1H, dq, J = 15.5, 7.0 Hz), 1.80 (3H, dd, J = 7.0, 2.5 Hz); 
13
C NMR (75 MHz, CDCl3) 
: 143.8, 138.8, 132.5, 129.8, 129.7, 124.1, 122.4, 18.3; ESI-HRMS m/z: calcd for C16H17N2 [M + 
H]
+
 237.1386, found 237.1385.  
 
(1E, 2E)-3-Phenyl-2-propenal N,N-Diphenylhydrazone (25d)
 71)
 [entry 4]. Yellow solid; Mp: 





NMR (300 MHz, CDCl3) : 7.44-7.37 (6H, m), 7.34-7.28 (2H, m), 7.25-7.03 (9H, m), 6.54-6.45 
(1H, m); 
13
C NMR (75 MHz, CDCl3) : 143.4, 138.2, 136.9, 134.0, 129.8, 128.6, 127.7, 126.8, 
126.4, 124.5, 122.4; ESI-HRMS m/z: calcd for C21H19N2 [M + H]
+
 299.1543, found 299.1543. 
 
Preparation of Conjugated Hydrazones 26a-c [Scheme 66]. To a solution of aryl iodide (5.0 
mmol) in DMF (20 mL) were added acrolein diethyl acetal (2.3 mL, 15 mmol), 
n
Bu4NOAc (3.0 g, 
10.0 mmol), K2CO3 (1.04 g, 7.5 mmol), KCl (0.37 g, 5.0 mmol) and Pd(OAc)2 (30 mg, 0.15 mmol). 
The mixture was stirred for 0.5 h at 90 °C. After cooling, 10% HCl was slowly added and the 
reaction mixture was stirred at room temperature for 10 min. Then, it was diluted with H2O and 
extracted with Et2O. The organic phase was washed with saturated NaCl, dried over MgSO4 and 
concentrated under reduced pressure. The obtained crude product was dissolved in MeOH (30 mL). 
To this solution were added N,N-diphenylhydrazine hydrochloride (1.16 g, 5.3 mmol) and sodium 
acetate (431 mg, 5.3 mmol) at room temperature. After being stirred for 0.5 h, the reaction mixture 
was concentrated under reduced pressure, diluted with H2O and extracted with CHCl3. The organic 
phase was dried over MgSO4 and concentrated under reduced pressure. The crude product was 
purified by flash column chromatography (hexane : AcOEt = 5 : 1) to afford 26a-c in the yields 






(1E, 2E)-3-(4-Methoxyphenyl)-2-propenal N,N-Diphenylhydrazone (26a). Yellow solid; Mp: 





H NMR (300 MHz, CDCl3) : 7.41 (4H, dd, J = 8.0, 7.5 Hz), 7.34 (2H, d, J = 9.0 Hz), 
7.20-7.13 (6H, m), 7.04 (1H, d, J = 9.0 Hz), 6.95 (1H, dd, J = 15.5, 9.0 Hz), 6.85 (2H, d, J = 9.0 Hz), 
6.45 (1H, d, J = 15.5 Hz), 3.81 (3H, s); 
13
C NMR (75 MHz, CDCl3) : 159.3, 143.5, 138.7, 133.8, 
129.7, 127.6, 124.7, 124.3, 122.4, 114.0, 55.2; ESI-HRMS m/z: calcd for C22H21ON2 [M + H]
+
 
329.1648, found 329.1645. 
 
(1E, 2E)-3-(4-Cyanophenyl)-2-propenal N,N-Diphenylhydrazone (26b). Yellow solid; Mp: 





H NMR (300 MHz, CDCl3) : 7.58 (2H, d, J = 8.5 Hz), 7.46-7.39 (6H, m), 7.25-7.13 (7H, m), 
7.02 (1H, d, J = 9.0 Hz), 6.46 (1H, d, J = 16.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 143.0, 141.4, 
136.6, 132.4, 131.1, 130.5, 129.8, 126.5, 124.9, 122.4, 119.0, 110.3; ESI-HRMS m/z: calcd for 
C22H18N3 [M + H]
+
 324.1495, found 324.1491. 
 
(1E, 2E)-3-(2-Thienyl)-2-propenal N,N-Diphenylhydrazone (26c). Yellow solid; Mp: 137-139 °C 




H NMR (300 MHz, CDCl3) 
: 7.44-7.37 (3H, m), 7.21-7.12 (6H, m), 7.00-6.94 (3H, m), 6.88 (1H, dd, J = 15.5, 9.0 Hz), 6.63 
(1H, d, J = 15.5 Hz); 
13
C NMR (75 MHz, CDCl3) : 143.3, 142.4, 137.5, 129.7, 127.6, 126.7, 126.3, 
126.0, 124.8, 124.5, 122.4; ESI-HRMS m/z: calcd for C19H17N2S [M + H]
+
 305.1107, found 
305.1105. 
 
Reductive Fischer Indolization of 23Aa-Ac [Scheme 67]. According to the general procedure for 
the reductive Fischer indolization described in Scheme 64, 27Aa-Ac was obtained in the yields 
shown in Scheme 67. 
 









H NMR (300 MHz, CDCl3) : 7.18 (1H, d, J = 8.5 Hz), 7.05 (1H, d, J = 2.5 Hz), 7.01 
(1H, s), 6.89 (1H, dd, J = 8.5, 2.5 Hz), 4.16 (2H, q, J = 7.0 Hz), 3.86 (3H, s), 3.73 (3H, s), 3.72 (2H, 
s), 1.27 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.1, 153.8, 132.2, 128.2, 127.9, 112.0, 
110.0, 106.3, 100.6, 60.7, 55.8, 32.8, 31.4, 14.2; ESI-HRMS m/z: calcd for C14H18O3N [M + H]
+
 
248.1281, found 248.1283. 
 
5-Methoxy-1-(phenylmethyl)-1H-indole-3-acetic Acid Ethyl Ester (27Ab) 
68)





H NMR (300 MHz, CDCl3) : 7.32-7.24 (3H, m), 7.14-7.07 (5H, m), 6.82 (1H, 
dd, J = 9.0, 2.5 Hz), 5.24 (2H, s), 4.16 (2H, q, J = 7.0 Hz), 3.85 (3H, s), 3.73 (2H, d, J = 0.5 Hz), 
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1.26 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.0, 154.0, 137.5, 131.7, 128.6, 128.2, 
127.7, 127.5, 126.7, 112.1, 110.5, 107.0, 100.7, 60.7, 55.7, 50.1, 31.4, 14.2; ESI-HRMS m/z: calcd 
for C20H21O3NNa [M + H]
+
 346.1414, found 346.1420. 
 
1-Acetyl-5-methoxy-1H-indole-3-acetic Acid Ethyl Ester (27Ac). White solid; Mp: 89-90 °C 
(hexane-AcOEt); IR (KBr): 1733, 1695 cm-1; 1H NMR (300 MHz, CDCl3) : 8.33 (1H, br d, J = 8.5 
Hz), 7.43 (1H, br s), 6.98-6.94 (2H, m), 4.20 (2H, q, J = 7.0 Hz), 3.87 (3H, s), 3.69 (2H, d, J = 1.0 
Hz), 2.60 (3H, s), 1.26 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 170.8, 168.1, 156.4, 131.0, 
130.4, 124.4, 117.5, 114.8, 113.6, 101.7, 61.1, 55.6, 31.1, 23.7, 14.2; ESI-HRMS m/z: calcd for 
C15H18O4N [M + H]
+
 276.1230, found 276.1230. 
 
5-Methoxy-2-phenyl-1H-indole-3-acetic Acid Ethyl Ester (28) [Scheme 68]. According to the 
general procedure for the reductive Fischer indolization described in Scheme 64, 28 was obtained in 




H NMR (300 MHz, CDCl3) : 8.10 (1H, br 
s), 7.66-7.62 (2H, m), 7.49-7.43 (2H, m), 7.40-7.34 (1H, m), 7.23 (1H, d, J = 9.0 Hz), 7.13 (1H, d, J 
= 2.5 Hz), 6.86 (1H, dd, J = 9.0, 2.5 Hz), 4.17 (2H, q, J = 7.0 Hz), 3.87 (3H, s), 3.79 (2H, s), 1.26 
(3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 172.3, 154.3, 136.9, 132.4, 130.8, 129.4, 128.9, 
128.1, 127.9, 112.7, 111.6, 105.4, 100.9, 60.8, 55.8, 31.2, 14.2; ESI-HRMS m/z: calcd for 
C19H20O3N [M + H]
+
 310.1438, found 310.1435. 
 
Reductive Fischer Indolization of 25a-c [Scheme 69]. According to the general procedure for the 
reductive Fischer indolization of conjugated hydrazones, 29a-c was obtained in the yields shown in 
Scheme 69. 
 





NMR (300 MHz, CDCl3) : 7.69-7.66 (1H, m), 7.57-7.54 (1H, m), 7.53-7.48 (4H, m), 7.34-7.31 
(2H, m), 7.26-7.16 (2H, m), 4.19 (2H, q, J = 7.0 Hz), 3.82 (2H, s), 1.28 (3H, t, J = 7.0 Hz); 
13
C 
NMR (75 MHz, CDCl3) : 171.8, 139.5, 135.9, 129.5, 128.6, 126.7, 126.3, 124.1, 122.6, 120.2, 









Colorless oil; IR (neat): 3052, 2918, 2862, 1600, 1501, 




H NMR (300 MHz, CDCl3) : 7.64-7.61 (1H, m), 7.58-7.55 (1H, m), 
7.52-7.47 (4H, m), 7.35-7.28 (1H, m), 7.25-7.14 (3H, m), 2.39 (3H, d, J = 1.0 Hz); 
13
C NMR (75 
MHz, CDCl3) : 139.9, 135.9, 129.7, 129.5, 125.9, 125.4, 124.0, 122.3, 119.7, 119.2, 112.8, 110.3, 
9.6; ESI-HRMS m/z: calcd for C15H14N [M + H]
+










H NMR (300 MHz, CDCl3) : 7.67-7.64 (1H, m), 7.58-7.55 (1H, m), 7.52-7.45 
(4H, m), 7.35-7.27 (1H, m), 7.24-7.13 (3H, m), 2.84 (2H, q, J = 7.5 Hz), 1.38 (3H, t, J = 7.5 Hz); 
13
C NMR (75 MHz, CDCl3) : 140.0, 136.0, 129.5, 128.9, 125.9, 124.4, 124.0, 122.3, 119.8, 119.7, 
119.2, 110.4, 18.2, 14.3; ESI-HRMS m/z: calcd for C16H16N [M + H]
+




 [Scheme 69]. To a solution of 25d (60 mg, 0.2 
mmol) in MeCN (2 mL) was added tBuI (119 μL, 1.0 mmol) at reflux. After being stirred for 0.5 h, 
the reaction mixture was quenched with 10% Na2S2O3 solution and extracted with CHCl3. The 
organic phase was dried over MgSO4 and concentrated under reduced pressure. The crude product 
was purified by PTLC (hexane : AcOEt = 3 : 1) to afford 29d (55.7 mg, 98%) as colorless oil. IR 




H NMR (300 MHz, CDCl3) : 
7.59-7.55 (2H, m), 7.51-7.47 (4H, m), 7.36-7.26 (5H, m), 7.24-7.10 (3H, m), 7.05 (1H, s), 4.16 (2H, 
s); 
13
C NMR (75 MHz, CDCl3) : 140.8, 139.8, 136.1, 129.5, 128.9, 128.7, 128.4, 126.1, 126.03, 
125.96, 124.0, 122.5, 119.9, 119.4, 116.9, 110.5, 31.5; ESI-HRMS m/z: calcd for C21H18N [M + H]
+
 
284.1434, found 284.1435. 
 
Reductive Fischer Indolization of 26a-c [Scheme 69]. To a solution of 26a-c (0.2 mmol) in MeCN 
(2 mL) was added tBuI (71 μL, 6.0 mmol) at reflux. After being stirred for 3 h, the reaction mixture 
was quenched with 10% Na2S2O3 solution and extracted with CHCl3. The organic phase was dried 
over MgSO4 and concentrated under reduced pressure. The crude product was purified by PTLC 
(hexane : AcOEt = 3 : 1) to afford 30a-c in the yields shown in Scheme 69. 
 
3-[(4-Methoxyphenyl)methyl]-1-phenyl-1H-indole (30a). Colorless oil; IR (neat): 3056, 2931, 




H NMR (300 MHz, CDCl3) : 7.58-7.55 
(2H, m), 7.51-7.45 (4H, m), 7.33-7.10 (5H, m), 7.03 (1H, s), 6.84 (2H, d, J = 8.5 Hz), 4.10 (2H, s), 
3.78 (3H, s); 
13
C NMR (75 MHz, CDCl3) : 157.8, 139.8, 136.2, 132.8, 129.6, 129.5, 128.8, 126.0, 
124.0, 122.4, 119.9, 119.4, 117.4, 113.7, 110.5, 55.2, 30.6; ESI-HRMS m/z: calcd for C22H20ON [M 
+ H]
+
 314.1539, found 314.1535. 
 
3-[(4-Cyanophenyl)methyl]-1-phenyl-1H-indole (30b). Yellow oil; IR (neat): 3055, 2910, 2228, 




H NMR (300 MHz, CDCl3) : 7.60-7.56 (3H, m), 
7.54-7.41 (7H, m), 7.37-7.32 (1H, m), 7.27-7.21 (1H, m), 7.17-7.11 (2H, m), 4.22 (2H, s); 
13
C NMR 
(75 MHz, CDCl3) : 146.6, 139.5, 136.2, 132.3, 129.6, 129.4, 128.4, 126.4, 126.3, 124.1, 122.8, 
120.2, 119.2, 119.1, 114.9, 110.7, 109.9, 31.7; ESI-HRMS m/z: calcd for C22H17N2 [M + H]
+
 
309.1386, found 309.1381. 
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1-Phenyl-3-(2-thienylmethyl)-1H-indole (30c). Yellow oil; IR (neat): 3055, 2898, 1598, 1501, 




H NMR (300 MHz, CDCl3) : 7.63-7.55 (2H, m), 7.52-7.46 (4H, m), 
7.36-7.29 (1H, m), 7.25-7.12 (4H, m), 6.94-6.91 (2H, m), 4.36 (2H, s); 
13
C NMR (75 MHz, CDCl3) 
: 144.0, 139.7, 136.1, 129.5, 128.5, 126.7, 126.1, 126.0, 124.9, 124.1, 123.5, 122.6, 120.0, 119.3, 
116.3, 110.5, 25.8; ESI-HRMS m/z: calcd for C19H16NS [M + H]
+




































(2E, 4E)-4-[2-(4-Methoxyphenyl)hydrazono]-4-methyl-2-butenoic Acid Methyl Ester (31) 
[Scheme 73]. To a solution of (2E)-4-oxo-2-pentenoic acid methyl ester (1.0 g, 7.8 mmol) in 
pyridine (20 mL) was added p-methoxyphenylhydrazine hydrochloride (1.63 g, 9.4 mmol) at room 
temperature. After being stirred for 0.5 h, the reaction mixture was acidified with 10% HCl and 
extracted with Et2O. The organic phase was washed with saturated NaCl, dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by recrystallization 
(hexane/AcOEt) to afford 31 (1.92 g, 99%) as yellow solid. Mp: 153-155 °C (hexane-AcOEt); IR 




H NMR (300 MHz, CDCl3) : 7.57 (1H, br s), 7.51 (1H, d, J = 16.0 Hz), 
7.10 (2H, d, J = 9.0 Hz), 6.87 (2H, d, J = 9.0 Hz), 5.98 (1H, d, J = 16.0 Hz), 3.79 (3H, s), 3.78 (3H, 
s), 1.97 (3H, s); 
13
C NMR (75 MHz, CDCl3) : 167.7, 154.7, 145.7, 138.7, 137.6, 116.3, 114.7, 55.6, 
51.6, 9.8; ESI-HRMS m/z: calcd for C13H17O3N2 [M + H]
+
 249.1234, found 249.1232. 
 
5-Methoxy-2-methyl-1H-indole-3-acetic Acid Methyl Ester (32)
 78)
 [Scheme 73]. To a solution of 
31 (1.0 g, 4.0 mmol) in MeCN (40 mL) was added tBuI (1.43 mL, 12.1 mmol) at reflux. After being 
stirred for 0.5 h, the reaction mixture was quenched with 10% Na2S2O3 solution and extracted with 
CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced pressure. The 
crude product was purified by flash column chromatography (hexane : AcOEt = 2 : 1) to afford 32 




H NMR (300 MHz, CDCl3) : 7.76 (1H, 
br s), 7.15 (1H, dd, J = 9.0, 0.5 Hz), 6.99 (1H, d, J = 2.5 Hz), 6.77 (1H, dd, J = 9.0, 2.5 Hz), 3.86 
(3H, s), 3.67 (3H, s), 3.66 (2H, s), 2.39 (3H, s); 
13
C NMR (75 MHz, CDCl3) : 172.5, 154.1, 133.5, 
130.0, 128.9, 110.9, 104.3, 100.3, 55.9, 51.9, 30.3, 11.8; ESI-HRMS m/z: calcd for C13H16O3N [M + 
H]
+
 234.1125, found 234.1123. 
 
1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-acetic Acid Methyl Ester (148) 
80)
 
[Scheme 73]. To a solution of 32 (883.5 mg, 3.79 mmol) in CH2Cl2 (35 mL) was added Et3N (2.63 
mL, 19.0 mmol), DMAP (232 mg, 1.90 mmol) and p-chlorobenzoyl chloride (0.58 mL, 4.55 mmol) 
at reflux. After being stirred for 24 h, the reaction mixture was cooled to room temperature, diluted 
with 10% HCl solution and extracted with CHCl3. The organic phase was dried over MgSO4 and 
concentrated under reduced pressure. The crude product was purified by flash column 
chromatography (hexane : AcOEt = 3 : 1) to afford 148 (1.25 g, 89%) as pale yellow solid. Mp: 
162-163 °C (hexane-AcOEt); IR (KBr): 1733, 1672 cm-1; 1H NMR (300 MHz, CDCl3) : 7.66 (2H, 
d, J = 8.5 Hz), 7.47 (2H, d, J = 8.5 Hz), 6.96 (1H, d, J = 2.5 Hz), 6.86 (1H, d, J = 9.0 Hz), 6.67 (1H, 
dd, J = 9.0, 2.5 Hz), 3.83 (3H, s), 3.70 (3H, s), 3.67 (2H, s), 2.38 (3H, s); 
13
C NMR (75 MHz, 
CDCl3) : 171.3, 168.2, 156.0, 139.2, 135.9, 133.8, 131.1, 130.7, 130.6, 129.1, 114.9, 112.5, 111.5, 
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101.2, 55.7, 52.1, 30.1, 13.3; ESI-HRMS m/z: calcd for C20H19O4N
35
Cl [M + H]
+
 372.0997, found 
372.0995. 
 
1-(4-Chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-acetic Acid (Indomethacin) 
77)
 [Scheme 
73]. To a solution of 148 (1.25 g, 3.36 mmol) in pyridine (40 mL) was added LiI (9.0 g, 67.2 mmol) 
at reflux. After being stirred for 20 h, the reaction mixture was cooled to 0 °C, diluted with 10% 
HCl solution and extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated 
under reduced pressure. The crude product was purified by flash column chromatography (hexane : 
AcOEt = 1 : 3 then AcOEt) to afford Indomethacin (1.01 g, 84%) as pale yellow solid. Mp: 
159-161 °C (AcOEt); IR (KBr): 1733, 1672 cm-1; 1H NMR (300 MHz, CDCl3) : 7.66 (2H, d, J = 
8.5 Hz), 7.47 (2H, d, J = 8.5 Hz), 6.95 (1H, d, J = 2.5 Hz), 6.85 (1H, d, J = 9.0 Hz), 6.67 (1H, dd, J 
= 9.0, 2.5 Hz), 3.83 (3H, s), 3.69 (2H, s), 2.39 (3H, s); 
13
C NMR (75 MHz, CDCl3) : 176.2, 168.3, 
156.0, 139.3, 136.2, 133.8, 131.2, 130.7, 130.4, 129.1, 115.0, 111.8, 111.7, 101.2, 55.7, 29.9, 13.3; 
ESI-HRMS m/z: calcd for C19H17O4N
35
Cl [M + H]
+



























(2E, 4E)-4-[2-(4-Methoxyphenyl)hydrazono]-3-methyl-2-butenoic Acid Ethyl Ester (33) 
[Scheme 75]. To a solution of 3-methyl-4-oxo-butenoic acid ethyl ester 
83)
 (859 mg, 6.0 mmol) in 
pyridine (20 mL) was added p-methoxyphenylhydrazine hydrochloride (1.16 g, 6.6 mmol) at room 
temperature. After being stirred for 0.5 h, the reaction mixture was diluted with H2O and extracted 
with Et2O. The organic phase was washed with saturated NaCl, dried over MgSO4 and concentrated 
under reduced pressure. The crude product was purified by flash column chromatography (hexane : 
AcOEt = 3 : 1) to afford 33 (1.37 g, 87%) as yellow solid. Mp: 115-117 °C (hexane-AcOEt); IR 




H NMR (300 MHz, CDCl3) : 7.82 (1H, br s), 7.31 (1H, s), 7.02 (2H, d, J 
= 9.0 Hz), 6.85 (2H, d, J = 9.0 Hz), 5.79 (1H, s), 4.20 (2H, q, J = 7.0 Hz), 3.78 (3H, s), 2.44 (3H, d, 
1.0 Hz), 1.30 (3H, t, J = 7.0 Hz); 
13
C NMR (75 MHz, CDCl3) : 167.0, 154.4, 151.7, 138.5, 137.7, 
118.7, 114.8, 114.1, 59.8, 55.6, 14.3, 13.3; ESI-HRMS m/z: calcd for C14H19O3N2 [M + H]
+
 
263.1390, found 263.1389. 
 
3,3a,8,8a-Tetrahydro-5-methoxy-1,3a-dimethyl-pyrrolo[2,3-b]indol-2(1H)-one (35) [Scheme 
75]. To a solution of 33 (52 mg, 0.2 mmol) in MeCN (2 mL) was added tBuI (71 μL, 0.6 mmol) at 
reflux. After being stirred for 0.5 h, the reaction mixture was quenched with 10% Na2S2O3 solution 
and extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under 
reduced pressure. The crude product was dissolved in EtOH (1 mL). To this solution was added 
methyl amine (33 wt% in EtOH, 1 mL) at room temperature. After being stirred for 24 h, the 
reaction mixture was concentrated under reduced pressure. The crude product was purified by 
PTLC (AcOEt) to afford 35 (23.0 mg, 50%) as pale yellow oil. IR (neat): 3318, 1677 cm-1; 1H NMR 
(300 MHz, CDCl3) : 6.70-6.61 (3H, m), 4.88 (1H, s), 4.30 (1H, br s), 3.76 (3H, s), 2.85 (3H, s), 
2.79 (1H, d, J = 17.0 Hz), 2.60 (1H, d, J = 17.0 Hz), 1.45 (3H, s); 
13
C NMR (75 MHz, CDCl3) : 
172.5, 154.8, 140.5, 137.9, 113.6, 112.1, 109.6, 85.1, 55.9, 47.7, 44.0, 26.8, 26.0; ESI-HRMS m/z: 
calcd for C13H17O2N2 [M + H]
+




 [Scheme 75]. To 
a solution of 33 (52 mg, 0.2 mmol) in MeCN (2 mL) was added tBuI (71 μL, 0.6 mmol) at reflux. 
After being stirred for 0.5 h, the reaction mixture was quenched with 10% Na2S2O3 solution and 
extracted with CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. The crude product was dissolved in EtOH (5 mL). To this solution was added 6M NaOH 
solution (1.5 mL) at room temperature. After being stirred for 4.5 h, the reaction mixture was 
diluted with saturated NH4Cl solution and extracted with CHCl3. The organic phase was dried over 
MgSO4 and concentrated under reduced pressure. The crude product was purified by PTLC 
119 
 




H NMR (300 MHz, CDCl3) : 6.71-6.68 (2H, m), 6.62 (1H, dd, J = 7.5, 2.0 Hz), 5.67 (1H, s), 4.81 
(1H, br s), 3.76 (3H, s), 2.98 (1H, d, J = 18.0 Hz), 2.81 (1H, d, J = 18.0 Hz), 1.47 (3H, s); 
13
C NMR 
(75 MHz, CDCl3) : 174.7, 154.6, 139.7, 134.1, 113.8, 110.5, 110.0, 101.0, 55.9, 50.4, 41.9, 23.5; 
ESI-HRMS m/z: calcd for C12H14O3N [M + H]
+





[Scheme 76]. To a solution of 35 (20 mg, 0.09 mmol), 37% aqueous HCHO (46 μL, 0.44 mmol) 
and AcOH (25 μL, 0.44 mmol) in MeCN (1.5 mL) was added NaBH3CN (21.6 mg, 0.34 mmol) at 
0 °C. After being stirred for 5 min, the reaction mixture was quenched with H2O and extracted with 
CHCl3. The organic phase was dried over MgSO4 and concentrated under reduced pressure. The 





H NMR (300 MHz, CDCl3) : 6.71 (1H, dd, J = 8.5, 2.5 Hz), 6.67 (1H, d, J = 2.5 Hz), 
6.43 (1H, d, J = 8.5 Hz), 4.56 (1H, s), 3.75 (3H, s), 3.02 (3H, s), 2.95 (3H, s), 2.74 (1H, d, J = 17.5 
Hz), 2.53 (1H, d, J = 17.5 Hz), 1.45 (3H, s); 
13
C NMR (75 MHz, CDCl3) : 173.1, 153.7, 143.7, 
137.0, 113.1, 109.9, 108.7, 93.3, 56.0, 46.0, 44.1, 37.3, 28.4, 26.8; ESI-HRMS m/z: calcd for 
C14H19O2N2 [M + H]
+






[Scheme 76]. To a solution of 153 (20 mg, 0.08 mmol) in THF (2 mL) was added a suspension of 
LiAlH4 (30.8 mg, 0.81 mmol) in THF (2 mL) at 0 °C. After being stirred at reflux for 2 h, the 
reaction mixture was cooled to 0 °C and quenched with AcOEt. Then, it was diluted with H2O and 
extracted with AcOEt. The organic phase was dried over MgSO4 and concentrated under reduced 
pressure. The crude product was purified by PTLC (CHCl3 : MeOH = 10 : 1) to afford Esermethole 





H NMR (300 MHz, CDCl3) : 6.68 (2H, m), 6.37 (1H, d, J = 8.0 Hz), 4.11 (1H, s), 3.75 (3H, 
s), 2.90 (3H, s), 2.81-2.74 (1H, m), 2.67-2.59 (1H, m), 2.45 (3H, s), 2.00-1.95 (2H, m), 1.44 (3H, s); 
13
C NMR (75 MHz, CDCl3) : 153.0, 146.4, 138.1, 112.2, 109.7, 107.6, 98.0, 56.0, 53.1, 52.8, 40.6, 
38.1, 37.8, 27.3; ESI-HRMS m/z: calcd for C14H21ON2 [M + H]
+
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